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ABSTRACT OF DISSERTATION 
 
THE MECHANISM OF RNA INTERFERENCE IN ARTHROPODS 
 
RNA interference (RNAi) is a useful reverse genetics tool for investigation of 
gene function as well as for practical applications in many fields including medicine and 
agriculture. Due to the variability in RNAi efficiency, RNAi-based methods are currently 
being developed for controlling only coleopteran insects which are known to be amenable 
to RNAi. The first chapter of my thesis includes findings from research to investigate 
what are the factors that make coleopteran insects relatively more efficient in RNAi. I 
used Colorado potato beetle (CPB), Leptinotarsa decemlineata and its cell line (Lepd-
SL1) as study models to identify genes that play key roles in RNAi pathway. Five genes 
including Argonaute-1 (microRNA Argonaute) and Aubergine (PiwiRNA Argonaute) 
were identified as those required for siRNA (short interfering RNA) RNAi pathway. I 
also found that RNAi is completely blocked in StaufenC knockdown cells. StaufenC 
belongs to dsRNA binding protein family and binds to dsRNA as shown by gel mobility 
shift and the pull-down assays. Interestingly, I also found that StaufenC is downregulated 
in RNAi resistant cells and StaufenC homologous sequences are present in only 
coleopteran insects where RNAi works efficiently. These data suggest that StaufenC is a 
major contributor to efficient RNAi in coleopteran insects and is a potential target for 
RNAi resistance. The second part of my research is to understand the mechanisms of 
RNAi in those insects refractory to RNAi. The barriers for successful RNAi include the 
presence of double-stranded ribonucleases (dsRNase) in the lumen and hemolymph that 
could potentially digest double-stranded RNA (dsRNA) and the variability in the 
transport of dsRNA into and within the cells. Recent work in our laboratory showed that 
the dsRNAs are transported into lepidopteran cells, but they are not processed into 
siRNAs because they are trapped in acidic bodies.  I focused on identification of these 
acidic bodies in which dsRNAs accumulate in Spodoptera frugiperda Sf9 cells. These 
studies showed that entrapment of internalized dsRNA in endosomes is one of the major 
factors contributing to inefficient RNAi. Overall, my research revealed important players 
involved in successful and unsuccessful RNAi in insects.  
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Chapter 1. Literature review 
RNA interference 
RNA interference (RNAi) is a mechanism of post-transcriptional regulation of 
gene-expression and highly conserved in eukaryotic organisms. This phenomenon was 
first discovered by Andrew Fire and Craig Mello (1998), and the finding was that 
exogenous double-stranded RNAs (dsRNAs) introduced into Caenorhabditis.elegans can 
silence genes by degradation of target-specific mRNA1,2. Since this finding, many studies 
on RNAi are being conducted in different organisms including human, plants, bacteria, 
fungi, and insects 3 4 5. With the advances in genome sequencing technology, RNAi 
studies in insects have accelerated and made significant contributions to basic science as 
well as in the development of applications to control pests and diseases [see recent 
reviews5 6 7 8 9]. However, due to the variation in RNAi efficiency among insect species, 
practical application is limited to control coleopteran insects. The EPA recently approved 
transgenic corn plants expressing dsRNA for control of Western corn rootworm in the 
USA (SMARTSTAX PRO: EPA-HQ-OPP-2014-0293). Sprayable dsRNA formulations 
for control of coleopteran pests including Colorado potato beetle and flea beetle are at 
various stages of development.  
 RNAi pathways 
  There are three main classes of RNAi pathways: small interfering RNAs 
(siRNAs), micro interfering RNAs (miRNA), and PIWI-interacting RNA (piRNA)10 (Fig. 
1.2). The siRNA pathway is triggered by exogenous RNAs such as RNA viruses or in 
vitro transcribed dsRNAs. Therefore, this pathway is considered as a cell defense 
mechanism or an immune system. The miRNA pathway is part of the endogenous gene 
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regulation pathway that microRNA is derived from the nucleus. The piRNA functions in 
the germline and is known to target transposable elements (TEs).  
Mechanism of RNAi 
The siRNAs are produced by processing of endogenous or exogenous precursor 
dsRNAs into RNA duplexes 21~23 nucleotides by RNaseIII-type Dicer2 enzymes 11(Fig. 
1.1). Subsequently, with the help of R2D2, siRNAs are loaded into RNA-induced 
silencing complexes (siRISCs) containing Argonaute 2 (Ago2) which initiates the 
silencing by endonuclease cleavage in a sequence-specific manner, known as 
endonuclease cleavage.  
The miRNAs arise from hairpin-containing precursors encoded by the genome, 
pri-miRNAs, in the nucleus. By the microprocessor complex, RNaseIII enzyme (Drosha) 
and its partner (Pasha), pri-miRNAs are transported to the cytoplasm and become pre-
miRNAs 12. The following processes are similar to that of siRNA; the pre-miRNAs are 
cleaved by the RNase III enzyme Dicer1, and then these miRNAs are loaded onto RNA-
induced silencing complexes (miRISCs) containing Argonaute 1 (Ago1) for inducing 
translation repression 12 (Fig. 1.2).  
PIWI-associated RNAs (piRNA) are known to be independent of Dicer activity 
but they function to suppress transposable elements in the germline by two Argonaute 
family proteins: Aubergine (Aub) and Argonaute 3 (Ago3) 13 (Fig. 1.2).  
RNAi in insects 
As soon as RNAi was discovered in C. elegans, RNAi experiments were 
conducted in the model insects such as Drosophila and Megaselia 14,15 . In the 
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Drosophila study, injection of dsRNA into embryos led to the potent and specific 
interference of several genes as shown by Kennerdell14. In this study, they also found that 
single-stranded RNA weakly interfered the target gene compared to dsRNA14 and this 
result was consistent with the C. elegan experiment1.  RNAi was used to address the 
function of bicoid and hunchback homologs in the embryos of the lower cyclorrhaphan 
fly Megaselia abdita (Phoridae). 15  Due to the availability of a completed genome 
sequence and powerful genetic tools, Drosophila melanogaster became a model to 
determine the steps involved in RNAi 16. This Drosophila paper revealed how siRNAs 
are produced, how siRNAs are loaded into RISC complexes via an RLC (RISC-loading 
complex), and how they repress gene expression 16. Later on, when the Tribolium genome 
sequence was released, it revealed a systemic and robust RNAi which was different from 
C. elegans and Drosophila in terms of delivery of dsRNA, duplication of core RNAi 
genes, and absence of RdRp 17. However, this genome contained a strong potential for the 
elucidation of gene function due to the advantages of ease of culture, a short life cycle, 
high fecundity, and facility for genetic crosses. Moreover, knockdown can be achieved in 
any tissues, developmental stages, or offspring of dsRNA-injected females. These factors 
made Tribolium as one of the best model insects for studying gene function using 
RNAi18. The following chapters will show how and why Tribolium is successful in 
RNAi.  
Factors responsible for variable RNAi efficiency among insects 
The efficiency of RNAi varies among insect species due to several factors: 
delivery methods, dsRNA degradation by an endonuclease (dsRNase), transport of 
dsRNA into cells and trafficking within cells, duplication of functional RNAi machinery 
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genes, and the presence of sid1 (Systemic RNA interference defective protein 1). Before I 
explain these factors, I would like to clarify how RNAi is efficiently working in C. 
elegans. Since the dsRNA is the one that triggers the RNAi, several studies revealed the 
mechanism of RNAi in C. elegans. There are two major features that make successful 
RNAi in C. elegans: systemic RNAi factor and RNA amplification factor. The sid1 
transports function in transferring those amplified or original dsRNA to silence in one 
tissue to other tissues19 20. This process is so-called systemic RNAi. Systemic RNAi in C. 
elegans is facilitated by another remarkable feature: RdRp (RNA-depend RNA 
polymerase). RdRp is involved in an amplification step of RNAi by synthesis of siRNA 
complementary to sequences upstream or downstream from the initial trigger region in 
the target mRNA21. RdRp-like genes are not found in insect genomes. However, sid1 like 
proteins in insect genome databases were found and functional studies on sid1-like 
proteins were performed (discussed in 3.2).   
Delivery methods 
In order to induce the knockdown of the target gene, dsRNA needs to be 
introduced into the organism. Feeding and injection are the most common ways to 
introduce dsRNA to insects. Soaking and transfecting dsRNAs are suitable methods for 
cell lines and aquatic insects. Depending on the insect species, a certain method is more 
common due to the accuracy of delivered amount, limitation of injection, and knockdown 
efficiency. For example, Tribolium is a well-known RNAi model insect, injection is the 
most popular method to introduce dsRNA into this insect 22. Feeding has been shown to 
cause some knockdown, but most past experiments have been conducted with the 
injection method 23. It has been known that gene silencing in Lepidoptera is hard to 
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achieve compared to other insect species. Terenius et al. reviewed the successful and 
unsuccessful RNAi experiments using lepidopteran insects and showed a pattern that 
RNAi is particularly effective in the family Saturniidae and in genes involved in 
immunity 24. Moreover, higher concentration is needed to achieve the gene silencing in 
lepidopteran insects in general 24. In the case of Locusta migratoria, injection can induce 
successful RNAi in a dose-dependent manner but feeding does not 25. The ineffectiveness 
of dsRNA feeding was derived by the rapid degradation of dsRNA 25. I will discuss the 
degradation factors in the following chapter. Overall, depending on the concentrations 
and delivery methods the knockdown of target genes can be accomplished. Considering 
RNAi as the potential control method in the field, feeding should be the ideal delivery 
method for controlling pest insects. Therefore, plants expressing dsRNA targeting insect 
genes can be potential and practical methods to control pest insects in the field. In 2007, 
Baum and colleagues showed the possibility of controlling Diabrotica virgifera virgifera 
by the transgenic plants expressing hairpin dsRNA in plants targeting a vacuolar H+ 
ATPase 26. The EPA recently approved transgenic corn plants expressing dsRNA for 
controlling Western corn rootworm in the USA (SMARTSTAX PRO: EPA-HQ-OPP-
2014-0293). Moreover, sprayable dsRNA formulations for control of coleopteran pests 
including Colorado potato beetle and flea beetle are at various stages of development.   
dsRNA degradation by endonuclease (dsRNase) 
As mentioned above, RNAi efficiency could vary depending on the delivery 
methods used 25. In a study using migratory locusts, degradation of dsRNA was observed 
when they incubated dsRNA with midgut fluid25. Later, Wynant identified the functional 
dsRNA degradation enzyme present in the gut of desert locust, Schistocerca gregaria27. 
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These enzymes are so-called dsRNase (dsRNA endoribonuclease). Actually, this enzyme 
was identified in the silkworm, Bombyx mori in 2007 28. The presence of dsRNase was 
reported in many papers and this might be the main factor for inefficient RNAi in 
lepidopteran insects due to the higher contents of dsRNase in lepidopteran insects 
compared to other insects (Fig. 1.3). For example, according to testing the dynamics of 
dsRNA content in the hemolymph, the RNAi effects were highly correlated with the 
hemolymph dsRNA contents among these insect species: P. americana > Z. atratus >> L. 
migratoria >> S. litura29.  A recent paper showed that coleopterans insects are able to 
produce siRNA and have less degradation ability compared to lepidopteran insects30. Our 
previous research showed that poor RNAi efficiency in lepidopterans came from their 
higher dsRNA degradation capability compared to coleopteran insects31. Interestingly, 
this paper showed that dsRNA is taken up by the both coleopterans and lepidopteran cells 
but the siRNA bands were observed only in coleopterans31.  
Cellular uptake of dsRNA  
Once dsRNA is delivered into tissues and reaches the cell surface, dsRNA needs 
to get into the cells, through cellular uptake. There are two different types of cellular 
uptake of dsRNA pathways: transmembrane channel-mediated and endocytosis-mediated 
uptake. As discussed previously, C. elegans has a sid1 transmembrane channel that can 
transfer the dsRNA regardless of its size 19 20 32. Sid1 like genes have been identified in 
the genomes of many insects33. For example, three genes similar to C. elegans sid-1 
protein have been identified in the genome of T. castaneum. However, none of these 
genes function in RNAi or dsRNA delivery34. Interestingly, sid1 like protein (sil) in the 
Colorado potato beetle, L. decemlineata, seems to have a function in dsRNA uptake33. 
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This study showed that two different sid-1 like genes (silA and silC)  contribute to RNAi 
response33. For the endocytosis-mediated uptake, Clathrin and scavenger receptor-
mediated endocytosis are shown to be involved in dsRNA uptake in insect cells5,35,36. It is 
most likely that insects utilize endocytosis-mediated pathways where endosomes carry 
dsRNA and release them by acidification into cytoplasm before they reach the lysosomes 
(Fig 1.3). Therefore, the importance of the endosomal acidification and trafficking has 
been investigated, and specific genes involved in these pathways have been identified, 
and their functions have been verified by various pharmacological reagents that inhibit 
endosomal escape33 35 36.  
Duplication of RNAi genes 
Tribolium genome contains a duplication of Ago2s and CPB has duplicated 
Dicer2s and Ago2s 34 37. However, no functional study was performed to understand the 
function of duplicated genes in RNAi pathway in CPB, but both Ago2 genes are involved 
in the RNAi pathway in Tribolium34 37. R2D2 is named for its functional and structural 
characteristic: two dsRNA-binding domains (R2) and its association with Dicer-2 (D2). 
The function of R2D2 has been known as a bridge between the initiation and effector 
steps of the RNAi pathway in Drosophila 38. In detail, Dicer2 is required R2D2 for 
binding siRNA and recruitment of RISC. Dicer2/R2D2 complex, not Dicer2 alone, can 
recruit RISC to promote assembly of the siRISC complex38 39 (Fig 1.1).   
RNAi resistance mechanisms 
Since insects have remarkable ability to develop resistance to commercial 
insecticides, it is never late to discuss the RNAi resistance possibility. Here are the 
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potential mechanisms by which insects could develop RNAi resistance. Resistance could 
be derived from those individuals surviving from exposer to dsRNA insecticides by 
changes in genes coding for proteins functioning in RNAi pathway including dsRNases, 
dsRNA transport into cells and trafficking within cells, RNAi machinery. Alternatively, 
insects may develop resistance to dsRNAs by selection of individuals with mutations in 
the dsRNA target sites. If the potential resistance mechanisms involve target site 
mutations, it can be easily managed by using dsRNA targeting different region of the 
same gene or a different gene. If the resistance is based on the RNAi mechanism, it might 
become challenging to manage it. However, understanding the mechanism of RNAi 
resistance would help manage resistance. 
 Project Goals:  
Genes involved in the RNAi pathway have been identified from the model 
insects, Drosophila and Tribolium. With the advanced genome sequencing technology, it 
is much easier to select and design the target genes in insects. Here, I participated in the 
Colorado potato beetle (CPB) genome consortium by identifying RNAi related genes. 
CPB is a good model to understand RNAi mechanisms due to its outstanding sensitivity 
to RNAi. Also, due to its ability in developing resistance to synthetic 
chemicals/insecticides, I believed that CPB would develop RNAi resistance. Moreover, I 
would like to investigate the reasons for successful RNAi in coleopteran insects. There 
might be a common factor that makes coleopterans more amenable to RNAi compared to 
other insects.  
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The localization of dsRNA taken up by the lepidopteran cells is not known, I will 
investigate this using Sf9 cells.  
Goal 1. To understand the mechanisms of RNAi in Colorado potato beetle (CPB), 
Leptinotarsa decemlineata. 
Objectives:  
 To identify 50 RNAi-involved genes how they play important roles RNAi using 
the RNAi of RNAi assay. 
 To investigate the function of selected genes using 32P labeled dsRNA as a 
dsRNA tracking method. 
 
Goal 2. To understand the mechanism of RNAi resistance using a CPB cell line 
and the role of StaufenC in RNAi resistance  
Objectives: 
 To generate an RNAi resistant cell line and verify the mechanism of RNAi 
resistance. 
 To identify the gene expression patterns in resistant cell lines compared to 
susceptible cell lines using qRT-PCR and RNA-seq. 
 To identify the function of genes significantly downregulated in the RNAi 
pathway  
  
Goal 3. To identify the subcellular localization of internalized dsRNA in Sf9 cells 
and tissues   
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 To confirm the subcellular localization of internalized dsRNA in Sf9 cells by 
soaking different dsRNAs using time-lapse imaging 
  To identify the subcellular co-localization of internalized dsRNA and each 
potential organelle stained with GFP in Sf9 cells 
  
Goal 4. To identify genes involved in hormone biosynthesis and action and 
explore their use as RNAi targets in the twospotted spider mite (TSSM) 
 To investigate the feeding RNAi effect of eight candidate genes by the bean-leaf 
disc assay. 
  As an application approach, transgenic tobacco plants expressing one of the 
genes, Met, were produced and tested  
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Figure 1.1.  
 
 
 
Figure 1.1. A schematic drawing of dsRNA-mediated RNAi pathway. The siRNAs are 
produced by processing of endogenous or exogenous precursor dsRNAs into RNA 
duplexes 21~23 nucleotides by RNaseIII-type Dicer2 enzymes 11. Subsequently, with the 
help of R2D2, siRNAs are loaded into RNA-induced silencing complexes (siRISCs) 
containing Argonaute 2 (Ago2) which initiates the silencing by endonuclease cleavage by 
the sequence-specific manner, known as endonuclease cleavage. There are still unknown 
proteins involved in the RNAi pathway, indicated by question marks. 
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Figure 1.2. 
 
 
Figure 1.2. Schematic drawing of different types of RNAi pathway. There are three major types 
of RNAi pathway: siRNA, miRNA, and piRNA. In siRNA pathway, endogenous or exogenous 
double-stranded RNA (dsRNA) cleaves into short interfering RNA (siRNA) by Dicer2 and R2D2 
complex. With the help of R2D2, RISC including Ago2 protein is recruited and binds to target 
mRNA to induce the mRNA degradation. In miRNA, Drosha and its coactivator Pasha bind to 
primary RNAs and cleave miRNA.  Those RNAs come out of nucleus and bind to Dicer1 and 
Loquacious complex. In this pathway, Ago1 is inducing the translational repression and mRNA 
destabilization. Piwi-interacting RNA (piRNA) is involved in post-transcriptional gene silencing 
of transposon elements and other genetic elements in spermatogenesis. This pathway is Dicer-
independent pathway that two argonaute proteins (Aubergine and Ago3) are targeting the 
transposon transcripts in the Ping-Pong cycle. 
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Figure 1.3 
 
Figure 1.3. Schematic drawing of factors that may account for inefficient RNAi in 
lepidopteran insects. High concentration of- dsRNases in caterpillar midgut and 
hemolymph lead to the rapid degradation of fed and injected dsRNAs. Even though 
dsRNA enters the cells via endocytosis, they accumulate in early and late endosomes.  
 
 
 
 
 
 
 
Copyright © June-Sun Yoon, 2018 
 
 
 14 
Chapter 2. RNA interference in the Colorado potato beetle, Leptinotars 
decemlineata: Identification of key contributors 
 
This chapter has been published as RNA interference in the Colorado potato beetle, 
Leptinotars decemlineata: Identification of key contributors in Insect biochemistry and 
molecular biology 78 (2016) 78-88 with the following authors: June-Sun Yoon, Jayendra 
Shukla, Zhong Jun Gong, Kanakachari Mogilicherla and Subba Reddy Palli.   
Summary 
RNA interference (RNAi) is a post-transcriptional gene silencing process that 
used as reverse genetics tool for revealing gene function as well as for practical 
applications in many fields including medicine and agriculture. RNAi works very well in 
coleopteran insects including the Colorado potato beetle (CPB), Leptinotarsa 
decemlineata. We used a cell line (Lepd-SL1) developed from CPB to identify genes that 
play key roles in RNAi. We screened 50 genes with potential functions in RNAi by 
exposing Lepd-SL1 cells to dsRNA targeting one of the potential RNAi pathway genes 
followed by incubation with dsRNA targeting inhibitor of apoptosis (IAP, silencing of 
this gene induces apoptosis). Out of 50 genes tested, silencing of 29 genes showed an 
effect on RNAi. Silencing of five genes (Argonaute-1, Argonaute-2a, Argonaute-2b, 
Aubergine and V-ATPase 16 kDa subunit 1, Vha16) blocked RNAi suggesting that these 
genes are essential for the functioning of RNAi in Lepd-SL1 cells. Interestingly, 
Argonaute-1 and Aubergine are known to function in the miRNA and piRNA pathways, 
respectively, and are also critical to siRNA pathway. Using 32P labeled dsRNA, we 
showed that these miRNA and piRNA Argonautes, but not Argonaute-2, are required for 
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processing of dsRNA to siRNA. Transfection of pIZT/V5 constructs containing these five 
genes into Sf9 cells (the cells where RNAi does not work well) showed that expression of 
all genes tested, except the Argonaute-2a, improved RNAi in these cells. Results from 
Vha16 gene silencing and bafilomycin-A1 treatment suggest that endosomal escape plays 
an important role in dsRNA-mediated RNAi in Lepd-SL1 cells.  
Keywords: RNAi, dsRNA, Lepd-SL1, Aubergine 
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 Introduction 
RNA interference (RNAi) is a useful reverse genetics tool for investigating of 
gene function 1. Moreover, RNAi also has potential practical applications in many fields 
including medicine and agriculture 7,40–42. Due to its potential as a therapeutic agent and 
insecticide, many studies were conducted to elucidate RNAi mechanism in model 
organisms ranging from nematodes to insects 3–5 . 
The overall process of dsRNA-mediated silencing includes dsRNA uptake, 
intracellular dsRNA transport, dsRNA processing to siRNA, RISC complex formation, 
binding and digestion of target mRNA. To induce RNAi, dsRNA needs to enter the cell, 
in Caenorhabditis elegans, a dsRNA-selective transmembrane channel protein known as 
systemic RNA interference deficient-1 (sid1) mediates dsRNA entry 20,43. However, 
whether or not sid1-like proteins are responsible for dsRNA transport into insect cells is 
not known yet. Clathrin-mediated and scavenger receptor-mediated endocytosis are 
shown to be involved in dsRNA uptake in insect cells 5,36,44. It is likely that insects utilize 
endocytosis-mediated pathways where endosomes carry dsRNA and release them by 
acidification into cytoplasm before they reach the lysosomes. Therefore, the importance 
of the endosomal acidification and trafficking has been investigated, and specific genes 
involved in these pathways have been identified, and their function has been verified by 
various pharmacological reagents that inhibit endosomal escape 44 36. After release from 
the endosomes, the dsRNA are digested by RNase III-type Dicer2 enzymes producing 
short interfering RNAs (siRNAs) that are approximately 21~23 nucleotides in length 11. 
Subsequently, siRNAs are loaded onto RNA-induced silencing complexes (siRISC) 
containing Argonaute-2, which initiates the gene silencing by endonucleolytic cleavage 
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in a sequence-specific manner. It is thought that one of the reasons for efficient RNAi in 
coleopterans is the duplication of core RNAi pathway genes (e.g. Argonaute-2) in 
Tribolium castaneum 45 34. Recently, duplications of Argonaute-2 and Dicer-2 have been 
identified in CPB, but their function in RNAi was not elucidated 45. 
Screening of 50 genes (selected based their similarity to the proteins with a 
probable function in RNAi pathway) in RNAi of RNAi assay in Lepd-SL1 cells 
identified 29 genes that blocked RNAi in these cells. Out of these 29 genes, knockdown 
of five genes (Argonaute-1, Argonaute-2a, Argonaute-2b, Aubergine and vacuolar H+ 
ATPase 16 kDa subunit 1) blocked RNAi significantly. Also, expression of these five 
genes in Sf9 cells improved RNAi in these cells. Using 32P labeled dsRNA, we showed 
that Argonaute-1 and Aubergine that are known to be associated with miRNA and 
piRNA pathways are required for dsRNA to siRNA processing.  
 .  
Materials and Methods 
Cell culture   
Colorado potato beetle cell line (Lepd-SL1 cells) was obtained from the 
Biological Control of Insects Research Laboratory, USDA-ARS, Columbia, MO. These 
cells were cultured in EX-CELL 420 (Sigma–Aldrich) supplemented with 10% FBS 
(Seradigm Fetal Bovine Sera) and incubated at 27 °C. Sf9 cells are derived from IPLB-
Sf21-AE, an established cell line originally isolated from Spodoptera frugiperda ovaries. 
This cell line was maintained in Sf-900™ II SFM and incubated at 27 °C. 
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Total RNA extraction, PCR and Quantitative real-time PCR (qRT-PCR)  
Total RNA was isolated from the CPB cells using the TRI reagent (Molecular 
Research Center Inc., Cincinnati, OH) and treated with DNase I (Ambion Inc., Austin, 
TX). cDNAs were synthesized with M-MLV reverse transcriptase (Clontech 
Laboratories) followed by DNase I treatment. PCR amplifications were conducted in 20 
μl reactions with 5 μM primers each, 10 μl of 2x Taq premix (Promega) and 20 ng of 
template was used for PCR. PCR conditions were 94 ◦C for 30 s, followed by 35 cycles 
of 94 ◦C for 30s, 55 ◦C for 30 s and 68 ◦C for 1 min, finishing with an extension step at 
68 ◦C for 10 min. PCR products were purified using the QIAquick PCR purification kit 
(QIAGEN) and gel extraction kit (QIAGEN). The purified PCR product was used as a 
template to synthesize dsRNA.   
The qRT-PCR was performed in Applied Biosystems StepOnePlus™ Real-Time 
PCR System (Life technologies™, Carlsbad, CA). Each qRT-PCR reaction (10μl final 
volume) contained 5 μl FastStart SYBR Green Master (Roche Diagnostics, Indianapolis, 
IN), 1.0μl of cDNA, 3.6 μl ddH2O, and 0.6μl each of forward and reverse gene specific 
primers. An initial incubation of 95°C for 3min, followed by 40 cycles of 95°C for 10s, 
55°C for 60s settings were used. A fluorescence reading determined the extension of 
amplification at the end of each cycle. Quantitative mRNA measurements were 
performed in triplicate and normalized to an internal control of ribosomal protein 4 
(RP49) mRNA for Lepd-SL1 cells and RP10 for Sf9. For the induction assay, both cell 
lines were seeded 4 x 10^5 cells /well in the 12 well plate. Next day, 1 µg of dsGFP was 
soaked, and cells were collected at 0, 30 min and 60 min time points. The cells were 
collected with 1ml TRI reagent and performed qRT-PCR.  
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dsRNA synthesis and labeling  
 dsRNA synthesis and labeling were performed as described previously 31. 
Briefly, primers containing T7 polymerase promoter (TAATACGACTCACTATAGGG) 
at the 5’end of both the forward primer and the reverse primer were used to amplify the 
350-500bp amplicons (Table 2.1S). The PCR product was used as a template for dsRNA 
synthesis using the Ambion MEGAscript transcription kit (Ambion, Austin, TX). 
Double-stranded RNA was purified using a Phenol/chloroform extraction followed by 
ethanol precipitation and dissolved in nuclease-free water. The quality of dsRNA was 
checked by running on an agarose gel, and the concentration was measured using 
NanoDrop2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA). The 
32P UTP-labelled dsGFP were prepared by using the Ambion MEGAscript transcription 
kit according to manufacturer instructions. 2 μl each of 10X buffer, ATP, GTP, CTP, 0.1 
μl of UTP, 8.4 μl of 32P UTP, 1.5 μl template (250 ng/ μl) and 2 μl of T7 enzyme were 
mixed and incubated the reaction at 37 °C for 16 hrs. The input template DNA was 
digested with Turbo DNase (Ambion, USA) at 37 °C for 1 hr and 32P UTP-labelled 
dsRNA was purified using PCR purification kit (Qiagen, USA) and eluted using 
nuclease-free water and stored at -20 °C for further use. The incorporated radioactivity in 
dsGFP (1 μl) was measured using scintillation counter. 
RNAi of RNAi assays and cell survival rate 
CPB cells were seeded with 5 x 10^4 cells / well in 96 well plate. Following day 
500ng of candidate dsRNAs are soaked as 1st soaking. With 24hr incubation 500ng of 
dsIAP is soaked to all the candidate wells. As a positive control, dsGFP was soaked at the 
1st RNAi, and dsIAP was soaked as 2nd RNAi. As a negative control, dsGFP was treated 
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both times to set the 100% cell survival amount. After 24 hours cells were observed 
under a microscope. The medium was removed, and the new 100 μl medium was added 
to each well. Then, the quantity of the survived cells in each well was measured by CCK, 
a Cell Counting Kit-8 (Dojindo, Japan). 10 μl of CCK-8 solution was added to each well 
and cells were incubated with CCK for 2~3 hrs. The absorbance was measured at 450 nm 
using a microplate reader following the protocol from Dojindo. Cell survival rate was 
established by the calculation: [(Gene O.D. – IAP O.D.) / (GFP O.D. – IAP O.D.)] x 100 
(%) (Fig. 2.2). 
Functional verification of Ago1, Ago2a, Ago2b, Aub and Vha16 proteins in Sf9 cells   
Coding sequences of CPB Ago1, Ago2a, Ago2b, Aub, and Vha16 are cloned into 
the expression vector, pIZT/V5-His Vector. Sf9 cells were cultured in 250 µl of Sf-900 II 
SFM at a concentration of 1.0 x 105 cells for the 48-well plate (Costar, Corning, USA) 
and incubated at 28 °C overnight. Using 0.25 µl of Cellfectin II® (Gibco Invitrogen, 
USA) with 0.5 µg of total DNA (0.25 µg luciferase construct + 0.25 µg expression 
construct) were transfected into Sf9 cells. DsLuc (1 µg) was added to the medium after 
four hours post-transfection. Cells were washed with 1X PBS at 48hr post-transfection 
time point, and 100ul of lysis buffer was added to each well, and the cell plate was placed 
on a shaker for 30 minutes to facilitate the cell lysis. 20 μl of cell lysate was used for 
checking luciferase activity, and 20 μl was used to determine the protein concentration 
using Bradford’s assay. The luciferase activity was measured using Fluoroskan Ascent Fl 
machine (Thermo Labsystems). Three independent transfections of three replicates were 
performed. 
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Role of Group A proteins in processing of dsRNA in Lepd-SL1 cells  
Lepd-SL1 cells were used. One day prior to the experiment, 1x106 cells/well were 
seeded in a six-well plate and 1 μg of dsRNA was used for knockdown the RNAi 
pathway genes 31. After two days, replaced with fresh media then allowed for 30 min and 
then 1.6 million counts of 32P UTP-labelled dsGFP was added to the cells and allowed to 
16 hrs and harvested the cells in Eppendorf tubes. Cells were washed with 1xPBS buffer 
for five times and total RNA was isolated by using TRI Reagent® RT (Molecular 
Research Center, Inc., USA). 1 μl of total RNA was used to measure the radioactivity by 
using scintillation counter. Total RNA (2000 CPMA) samples were run on 20% 
polyacrylamide 8M urea gels using 1xTBE buffer. Gels were washed, fixed (10% 
methanol and ethanol) and dried in a gel drier. Dried gels were exposed overnight on a 
phosphorImager screen, and the screen was scanned in a phosphorImager (Typhoon 
9500, GE Healthcare Life Sciences, USA). 
Expression of Ago1, Aub, and Vha16  
To prepare a standard curve, Standard DNA dilutions were generated by 10-fold 
serial dilutions of the PCR amplification products. Each dilution was performed in 
duplicate. A standard curve was generated by plotting Ct values against relative log copy 
number. The copy number of the template can be calculated using the following:  
Copy number= [amount (ng) * 6.022x1023] / [length (bp) * 1x109 * 650] 
The coefficient of determination (R2) and the equation of regression curve (y) were 
calculated. No template controls accompanied each set of reactions to monitor for the 
presence of contamination 
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Inhibitor study 
Bafilomycin-A1 (Baf-A1) was purchased from Sigma-Aldrich (St Louis, MO, 
USA) and dissolved in dimethyl sulfoxide (DMSO). After pre-incubation of 10 nM Baf-
A1 for one hour, 1 µg of dsIAP was added to the medium. Two types of controls were 
performed: dsIAP treatment without inhibitor treatment and pretreatment of inhibitor 
without dsIAP treatment. Apoptosis level was checked under a microscope. 
Statistical analysis  
For testing the cell survival rate and knockdown efficiency, Student's t-test was 
used to compare the cell survival rate and gene expression difference between control and 
treatment groups. A p-value of 0.05 or less between groups was considered as a 
significantly different. 
Results 
Identification of genes coding for proteins required for RNAi 
RNAi works very well and systemic in the Colorado Potato beetle 9.  To study 
RNAi mechanism in this insect, we identified 50 CPB genes coding for proteins with 
potential functions in RNAi pathway using the sequences of RNAi genes previously 
identified in other insects including Drosophila melanogaster 35 46, T. castaneum 34  and 
L. decemlineata 47 as well as the nematode, C. elegans. Out of 50 genes used in this 
study, 28 of them were previously identified in a transcriptome sequencing study 47;  we 
identified additional 22 genes by searching CPB genome 
(https://i5k.nal.usda.gov/webapp/blast/). Inhibitor of apoptosis (IAP) protein protects 
Lepd-SL1 cells from apoptosis, knockdown of the gene coding for this protein causes 
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apoptosis resulting in a reduction in the survival of these cells. Cell Counting Kit-8 
(Dojindo), CCK-8 which determines the number of living cells was used to quantify the 
effect of IAP knockdown. We hypothesized that silencing of an essential RNAi gene in 
these cells would block IAP knockdown and hence cause apoptosis in cells exposed to 
dsIAP. Preliminary results verified our hypothesis and led to the development of RNAi of 
RNAi assay outlined in Figure 2.1. In this assay, the cells are exposed to dsRNA 
targeting one of the genes predicted to play a role in RNAi (we will call these genes as 
RNAi genes from here on) for 24 hr followed by exposure of these cells to dsIAP for an 
additional 24 hr. Then the phenotypes and cell survival are determined. The double-
stranded green fluorescent protein (dsGFP) is used as a control. The cell survival and 
statistical significance were calculated comparing treatments and controls. The 
absorbance readings in cells exposed to dsGFP followed by dsIAP and the absorbance 
readings of cells exposed to dsGFP followed by dsGFP were used as a positive and a 
negative control, respectively. Based on the phenotypes and the statistical significance, 
the 50 genes tested were divided into three groups (Fig. 2.2, Table 2.1). Group A cell 
survival levels are not significantly different from the cell survival levels in dsGFP-
dsGFP negative control (Fig. 2.2). Group B cell survival levels are significantly different 
from cell survival levels in positive (dsGFP followed by dsIAP) and negative (dsGFP 
followed by dsGFP) controls (Fig. 2.2). Group C cell survival levels are not significantly 
different from cell survival levels in positive control. In other words, the knockdown of a 
gene in Group A blocks RNAi response and hence no knockdown of IAP in cells exposed 
to dsIAP, therefore, these cells did not undergo apoptosis and survived well similar to the 
negative control cells.  Knockdown of a gene in B group resulted in a partial block in 
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RNAi and partial knockdown of IAP in cells exposed to dsIAP and hence intermediate 
levels of cell survival when compared to negative and positive controls.    
Group A 
  Knockdown of Ago1, Ago2a, Ago2b, Aub and Vha16 resulted in more than 90% 
block in RNAi and protection of cells exposed to dsIAP from apoptosis. Among these 
five genes, knockdown of Ago2b caused a complete block of RNAi, none of the cells 
exposed to dsIAP died and all cells survived (Fig. 2.3A).  Knockdown of Ago2a also 
showed a significant block in RNAi but not as strong as the response observed after the 
Ago2b knockdown. Ago1 and Aub are known to be involved in miRNA and piRNA 
pathway, respectively. Interestingly, knockdown of these two genes also blocked RNAi 
in Lepd-SL1 cells. Also, silencing of the gene coding for Vha16, vacuolar H+ ATPase 
16kD subunit 1 known to be involved acidification of endosomes also blocked RNAi and 
apoptosis in these cells (Fig. 2.3A). 
Group B 
  Two dicer-2 genes are present in the CPB genome; these two genes contain 
distinct sequences, but both genes contain typical core Dicer domains. Knockdown of 
both genes partially blocked RNAi, and the cell survival is significantly different from 
both positive and negative controls. Interestingly, knockdown of Dicer-1, Loquacious, 
Drosha, and Pasha which are known to function in miRNA pathway also partially 
blocked RNAi in these cells.  Knocking down the genes coding for proteins involved in 
endocytosis including HPS4, FBX011, and SC-R2, Epn-1, Chc and Rsd-3 also partially 
blocked RNAi in these cells.  Two sid1-like genes were found in the genome and 
exposure of Lepd-SL1cells to dsRNA targeting these genes partially blocked RNAi. 
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Endosomal trafficking genes, Rab7 and Arf72, are known to be involved in endosomal 
trafficking from endosomes to lysosomes. These genes contained dsRNA binding motifs 
and knocking down these genes in Lepd-SL1 caused a partial block in RNAi. 
Knockdown of genes coding for Armitage and Neuron-Specific Staufen and some of the 
clathrin-mediated receptors including sortlin-like receptor and transferrin receptor 3 and 
innexin2, a well-known gap junction gene, also partially blocked RNAi. Cells treated 
with dsFBX, dsDrosha or dsR2D2 followed by dsIAP showed intermediate levels of 
apoptosis (Fig. 2.3B, Table 2.1). 
Group C 
  Unlike the other core RNAi factors that are associated with Group A and B, 
depletion of Ago3 does not influence RNAi. Also, knockdown of genes coding for other 
piRNA factors, such as Maelstrom, PRMT5 and Armitage-like showed no effect on 
RNAi. Knockdown of a different subunit VhaSFD Vacuolar H [+]-ATPase SFD subunit, 
many genes coding for RNA binding proteins and RISC proteins including Belle, 
Transline, TudorSN, Maelstrom, 68helicase, Armi-like, Gawky, Clp-1, HEN1, and 
Staufen showed no effect on RNAi.  Incubation of these cells with dsRNA targeting 
Nibbler, SDN-1, and SDN-3 caused no effect on RNAi response (Table 2.1).  Cells 
treated with dsAP50 followed by dsIAP that showed levels of apoptosis similar to the 
cells treated with dsIAP are shown in Figure 2.3C. 
Verification of knockdown of selected genes 
Since 21 of the 50 genes tested showed no effect on RNAi response in these cells. 
To check if these genes are knockdown well in these cells, the knockdown efficiency of 
each gene was determined. All genes showed a significant reduction in mRNA levels in 
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dsRNA exposed cells when compared to their levels in the dsGFP exposed cells  
suggesting that there is efficient knockdown of these genes in cells exposed to dsRNA. 
Verification of function of Group A proteins in Sf9 cells  
 RNAi does not work very well in Sf9 cells, a clonal isolate of Spodoptera 
frugiperda Sf21 cells 31. To determine if the expression of genes identified as essential 
for RNAi Lepd-SL1 cells could improve RNAi response in Sf9 cells, coding regions of 
Group A genes were cloned into pIZT/V5-His vector. These constructs were co-
transfected with pIZT/V5_Luciferase construct into Sf9 cells. The transfected cells were 
exposed to 1 µg of dsLuc targeting the luciferase gene (Fig. 2.4). At 48 hr after 
transfection, the luciferase activity was measured, and the protein concentrations were 
determined. Expression of genes coding for CPB Ago1, Ago2b, Aub, and Vha16 reduced 
the expression of the luciferase gene by 30-65% in Sf9 cells exposed to dsLuc when 
compared to the control cells transfected with pIZT/V5 vector alone (Empty vector). 
These data suggest that Ago1, Ago2b, Aub and Vha16 expression improved RNAi in Sf9 
cells. 
Confirmation of function of Group A proteins in dsRNA processing using 32P 
labeled GFP dsRNA 
 To verify whether any of the five Group A proteins are involved in dsRNA 
processing, the Lepd-SL1 cells were exposed to dsAgo1, dsAgo2a, dsAgo2b, dsAub or 
dsVha16. At 48 hr after exposure to dsRNA, the cells were exposed to 32P labeled dsGFP 
for 24 hr. The total RNA was extracted and loaded into a Urea-polyacrylamide gel. As 
shown in Figure 2.5, expression of Ago1 and Aub and Vha16 caused a significant 
decrease in the levels of siRNA produced when compared to that in control cells exposed 
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to dsGFP. In contrast, expression of Ago2a and Ago2b did not affect processing to 
dsRNA to siRNA.  These data suggest that not only Ago2a and Ago2b but also Ago1, 
Aub, and Vha16 participate in dsRNA to siRNA processing in Lepd-SL1 cells. 
Comparison of expression and dsRNA induction of Group A genes between Lepd-
SL1 and Sf9 cells  
We investigated differences in expression levels of Group A genes between Lepd-
SL1 and Sf9 cells. Two Ago2 genes (Ago2a and Ago2b) have been identified in the Lepd-
SL1 cells. Whereas only one Ago2 gene has been identified in Sf9 cells. Because of the 
discrepancy in gene number, comparison of expression levels of Ago2 is not 
straightforward, therefore; we focused on comparing the expression levels of the rest of 
the three Group A genes Ago1, Aub, and Vha16. As shown in Figure 2.6A, higher levels 
of mRNA of all three genes were detected in Lepd-SL1 cells when compared to their 
expression in Sf9 cells. Then we compared dsRNA induction response of Group A genes 
in Lepd-SL1 and Sf9 cells.  Aubergine was induced in 30 min after exposure of Lepd-
SL1 to dsRNA (Fig. 2.6B). The Vha16 was induced in 30 min after exposure of Lepd-
SL1 to dsRNA (Fig. 2.6B). In contrast, none of the five genes tested were induced in Sf9 
cells exposed to dsRNA targeting these genes (Fig. 2.6B). These data suggest that higher 
expression levels of RNAi genes and their induction by dsRNA may contribute to RNAi 
efficacy on Lepd-SL1 cells. 
V-ATPase inhibitor bafilomycin-A1 blocks RNAi in Lepd-SL1 cells  
 RNAi experiments showed that Vha16 is required for RNAi. Vha16 is a multi-
subunit transmembrane complex and shown to regulate the activity of V-ATPase proton 
pump acidification of endosomes. To determine whether or not block in RNAi in Vha16 
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knockdown cells is due to a block in acidification of endosomes preventing the escape of 
dsRNA-treated Lepd-SL1 cells with V-ATPase inhibitor, bafilomycin-A1 and checked 
the dsIAP effect on these cells. As shown in Figure 7A, treatment of these cells with 
bafilamycin-A1 blocked RNAi and no apoptosis was detected after exposure to dsIAP. 
Also, treatment of Lepd-SL1 cells with bafilomycin-A1 caused a significant reduction in 
the processing of labeled dsRNA to siRNA (Fig. 2.7B). These data suggest that 
endosomal acidification which leads to dsRNA released from endosomes is a major step 
in successful RNAi in Lepd-SL1 cells. 
Discussion 
One of the main findings of this paper is the discovery that not only Argonaute-2 
but also Argonaute-1 and Aubergine which are normally associated with miRNA and 
piRNA pathways are required for RNAi function in Lepd-SL1 cells. We used the RNAi 
of RNAi approach to identify five genes including Ago1, Ago2a, Ago2b, Aub and Vha16 
that are required for the functioning of RNAi these cells. We also identified 24 additional 
genes that partially block RNAi when their expression levels are reduced by exposing 
cells to dsRNA targeting these genes.  
Ago1 and Aub are identified as miRNA and piRNA pathway proteins, 
respectively. This study investigated the contribution of Ago1 and Aub in dsRNA-
mediated RNAi pathway using several different methods. Knockdown of Ago1 and Aub 
blocked RNAi and prevented apoptosis in Lepd-SL1 cells exposed to dsIAP (Figs 
2.2&3). Expression of Ago1 and Aub genes in RNAi refractive Sf9 cells improved RNAi 
in these cells (Fig. 2.4). Also, knockdown of Ago1 or Aub gene in Lepd-SL1 cells caused 
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a decrease in processing of dsRNA to siRNA (Fig. 2.5). Both these genes are expressed at 
higher levels in Lepd-SL1 cells where RNAi works well when compared to their 
expression in Sf9 cells where RNAi does not work well (Fig. 2.6). Taken together, these 
data suggest that both Ago1 and Aub play important roles in dsRNA-mediated RNAi in 
Lepd-SL1 cells. Previous studies in Sf21 cells48 and in T. castaneum 34 suggested that not 
only core siRNA pathway genes but also miRNA and piRNA pathways are required for 
dsRNA-triggered RNAi. In D. melanogaster, DmAgo1 mutant is defective for RNAi 
during embryonic stage suggesting that Ago1 is necessary for RNAi in this insect 49. A 
similar result has been shown with Aub, where a mutation to Aub inhibits RNAi activity 
in oocyte maturation 50. In silkworm Bm5 cells, the requirement of Ago1, Ago2, and 
Ago3 for successful RNAi has been reported 51. Since Ago1 and Aub depletion reduces 
dsRNA to siRNA processing in Lepd-SL1 cells, it is possible that these proteins are 
required for RNAi steps before Dicer processing of dsRNA to siRNA. These steps could 
include intracellular transport of dsRNA and/or recruitment of dicer enzymes. Further 
studies are required to define the precise function of Ago1 and Aub in dsRNA pathway.  
Besides Argonautes, Vha16 is identified as the protein required for RNAi in 
Lepd-SL1 cells. Vha16, a multi-subunit transmembrane complex, plays an important role 
in regulating the activity of V-ATPase proton pump acidification of endosomes 52. In our 
studies, knockdown of Vha16 blocked RNAi in Lepd-SL1 cells (Group A gene, Fig. 2.2 
and Table 2.1). The role of Vha16 in RNAi was reported previously based on the studies 
in Drosophila S2 cells 35 and CPB 33. In T. castaneum the involvement of another 
transmembrane protein, VhaSFD, in RNAi has been reported recently 36. Interestingly, 
knockdown of CPB VhaSFD did not result in a significant decrease in RNAi response of 
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Lepd-SL1 cells (Group C gene, Fig. 2.2 and Table 2.1). Studies on the conversion of 
dsRNA to siRNA in Vha16 knockdown Lepd-SL1 cells showed a decrease in dsRNA to 
siRNA in these cells suggesting that Vha16 plays an important role in intracellular 
transport of dsRNA before Dicer action.  Moreover, treatment of Lepd-SL1 cells with 
bafilomycin-A1, a V-ATPase inhibitor, blocked RNAi as well as processing of dsRNA to 
siRNA (Fig. 2.7). Similar results have been reported in T. castaneum where pretreatment 
of bafilomycin-A1 caused a significant decrease in the knockdown of TcLgl, lethal giant 
larvae 36. We also identified two other genes ADP-ribosylation factor-like 1 and Rab7 
that are known to function in the endosomal pathway and showed that knockdown of 
these genes resulted in a partial block in RNAi in our assay.  ADP-ribosylation factor-like 
1 similar to Arf72 in Drosophila, belongs to the small GTPase superfamily and functions 
in vesicle budding and transport between specific organelles in the membrane-trafficking 
pathway 53. Rab7, a member of small GTPases that are involved in the maturation of 
endosomes and autophagosomes known to be a multifunctional regulator of autophagy 
and endocytosis 54. Taken together, these data suggest that Vha16 is required for 
endosomal acidification, and escape of dsRNA and these steps are critical for the 
intracellular transport of dsRNA to the cytoplasm where Dicers can initiate their action. 
For dsRNA to be processed by Dicers and Argonautes, dsRNAs need to be 
translocated to the cytoplasm using one of the transport pathways including the 
transmembrane channel-mediated uptake and endocytosis-mediated uptake. Experiments 
using pharmacological inhibitors (Chlorpromazine) and an RNAi of RNAi showed that 
clathrin-mediated endocytosis plays a major role in cellular uptake of dsRNA in T. 
castaneum 36.  In our studies, depletion of key components of clathrin pathway such as 
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Epn-1, Chc and Rsd-3, TRF3 and SLR-induced delay in dsIAP phenotype due to the 
reduction in internalization of dsRNA through clathrin-mediated endocytosis (Table. 2.1). 
Internalization of dsRNA into Drosophila S2 cells is mediated by scavenger receptors 
that belong to the family of proteins involved in endocytosis of certain polyanionic 
ligands and antiviral immunity induced systemic RNAi 35 55. Scavenger receptors (SR-CI) 
and Eater play a role in the uptake of dsRNA in Drosophila cells; a combination of SR-CI 
and Eater RNAi caused 90% decrease in the internalization of dsRNA when compared to 
that in control cells 35. In the CPB genome database, we identified one scavenger 
receptor, which is similar to Drosophila Scavenger receptor class C, type II (CG8856). 
Knockdown of CPB Sc-R2 partially blocked RNAi in Lepd-SL1 cells (Group B gene, 
Fig. 2.2 and Table 2.1).   
In C. elegans systemic RNAi defective (sid) proteins mediate dsRNA uptake 20 56 
. A number of sid1-like genes have been identified in insects including T. castaneum. 
However, their function in uptake of dsRNA has not been shown yet. The number of sid-
1-like genes identified in insect genomes is also variable. For example, no sid1-like gene 
was found in Drosophila genome, but three sid1-like genes were identified in T. 
castaneum 34. In this study, we found two sid1-like genes in L. decemlineata: SIL-A and 
SIL-C that are homologous to T. castaneum sid1-like protein A and C. Knockdown of 
CPB SIL-A or SIL-C resulted in a partial block in RNAi Lepd-SL1 cells (Group b gene, 
Fig. 2.2 and Table 2.1). A recent study in CBP also showed the requirement of CPB SIL-
A and SIL-C for successful RNAi in this insect 33. It is still not clear on how insect sid1-
like proteins function in RNAi. Additional studies on localization and function of these 
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proteins are necessary to determine whether insect sid1-like protein has a conserved 
function as C.elegans sid1 protein. 
Duplication of Dicer-2 is also an unusual characteristic in CPB; both Dicer-2a and 
Dicer-2b knockdown partially blocked RNAi in Lepd-SL1 cells. This is the first species 
to be documented with a duplication of Dicer-2 genes, which could explain why CPB is 
more sensitive to RNAi compared to other species. A recent paper on CPB reported 
duplication of Dicer-2 in CPB, but the function of these identified duplicated genes was 
not studied 37. Interestingly, knockdown in Dicer-1 also caused a partial block in RNAi in 
Lepd-SL1 cells. In Drosophila Dicer 1 and Dicer2 play distinct roles in siRNA/miRNA 
silencing pathways, Dicer 1 is also a component of siRNA-dependent RISC activation 
complex and is required for assembly of this complex that includes Dicer-2 57. 
Involvement of miRNA and piRNA pathway genes in dsRNA-mediated RNAi pathway 
interesting but needs further investigation to define the precise functions of these proteins 
in dsRNA-mediated RNAi pathway.  
Since soaking of dsRNA induces an RNAi response in Lepd-SL1 cells, we were 
able to develop high throughput “RNAi of RNAi” assay using these cells. CPB cell line 
(Lepd-SL1) is an outstanding model to investigate players in RNAi pathway. We were 
able to screen 50 candidate genes identified 29 key players in RNAi using this system. 
Identification of a significant role for Ago1, Aub and Dicer 1, the proteins are known to 
function in miRNA and piRNA pathways, in siRNA pathway as well as an important role 
for Vhs16-mediated endosomal acidification and escape in successful RNAi are 
highlights of this study (Fig.2.8). Work in progress in our laboratory and other will begin 
to identify precise functions of these proteins in siRNA-mediated RNAi.  
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Table 2.1. List 50 genes tested in RNAi of RNAi assay classified into three groups 
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Table 2.2. Primers used to prepare the promoter constructs. 
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Figure 2.1. 
 
Figure 2.1. RNAi of RNAi Assay. Outline of RNAi of RNAi assay developed and used to 
screen 50 genes with a potential function in RNAi. We used a cell line (Lepd-SL1) 
developed from CPB to identify genes that play key roles in RNAi. Lepd-SL1cells were 
exposed to dsRNA targeting one of the potential RNAi pathway genes followed by 
incubation with dsRNA targeting inhibitor of apoptosis (IAP, silencing of this gene 
induces apoptosis). Phenotypes were observed under an inverted microscope.  Cell 
Counting Kit-8 (CCK-8 from Dojindo) was used to estimate the cell viability and 
survival rate was calculated. Controls included exposing cells to dsGFP followed by 
dsIAP (most cells showed apoptosis phenotype) and dsGFP followed by dsGFP (no 
apoptosis was detected). 
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Figure 2.2. 
 
Figure 2.2. Summary of results from screening 50 genes. (A) The formula used to 
calculate cell survival rate. (B) Summary of results, the student’s t-test was performed to 
compare the significant differences in the absorbance of the samples against the positive 
and negative controls. Based on the statistical analyses, the 50 genes tested were 
classified into three groups. Group A (survival rate is significantly different from that of 
cells exposed to dsGFP followed by dsIAP but not that of cells exposed to dsGFP 
followed by dsGFP), Group B (significantly different from dsGFP and dsIAP exposed 
cell survival rate as well as dsGFP followed by dsGFP exposed cell survival rate) and 
Group C (not significantly different from dsGFP followed by dsIAP control cell survival 
rate). 
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Figure 2.3. 
 
Figure 2.3. Phenotypes observed in cells treated with dsRNA. (A) Lepd-SL1 cells were 
exposed to dsGFP for 24 hr followed by dsGFP as a control. Lepd-SL1 were exposed to 
dsAgo1, dsAub, dsAgo2a, dsAgo2b or dsVha16 for 24 hr followed by treatment with 
dsIAP for an additional 24 hr. Cells were photographed at 24 hr after second dsRNA 
treatment. Scale Bar:50um. The black arrows indicate the apoptotic bodies (B) Lepd-SL1 
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cells were treated with dsFBX, dsDrosha or dsR2D2 followed by dsIAP. (C) Lepd-SL1 
cells were treated with dsIAP, dsAP50 or dsldlCp followed by dsIAP. 
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Figure 2.4. 
 
Figure 2.3. Effect of expression of Group A genes on the RNAi in Sf9 cells. (A) A 
schematic drawing of the procedure for transient transfection of pIZT/V5 constructs 
expressing CPB genes coding for Argonautes and Vha16 into Sf9 cells. 10,000 Sf9 cells 
per well were seeded in 48-well plates. Next day pIZT/V5 CPB gene constructs along 
with pIZT/V5 Luciferase construct were co-transfected into cells using Cellfectin. Four 
hours post-transfection, 1 µg of dsLuc was added to the medium. At 48 hr after exposure 
to dsLuc, the luciferase activity and protein concentration were determined. The protein 
content of the cells was used to normalize the luciferase activity. (B) Expression of genes 
coding for CPB Argonaute 1 (Ago1), Argonaute 2B (Ago2b), Aubergine (Aub), and 
Vha16 reduced expression of the luciferase gene by 30-65% in Sf9 cells exposed to 
Sf9        
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dsLuc when compared to the control cells transfected with pIZT/V5 vector (Vector). The 
percent expression of the luciferase gene in each treatment was calculated by comparing 
its expression in control cells transfected with piZT/V5 Luc and empty vector. The 
Student's t-test was used to compare treatments and the empty vector. The bars show 
Mean+S.D (n=3). *=significantly different at a p-value <0.05. 
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Figure 2.5.  
 
Figure 2.4. Influence of Group A genes on the processing of dsRNA in CPB cells.  To 
identify stages of RNAi pathway where Group A genes are required, Lepd-SL1 cells 
were exposed to dsRNA targeting one of the Group A genes for 48 hr. Then the cells 
were exposed to 32P labeled GFP dsRNA for 16 hr. Total RNA was isolated and resolved 
on 20% polyacrylamide 8M urea gels using 1xTBE buffer. Gels were washed, fixed and 
dried. Dried gels were exposed overnight on a phosphorImager screen, and the screen 
was scanned in a phosphorImager. The numbers at the bottom of the gel show the percent 
conversion of dsRNA to siRNA when compared to conversion in the control cells set as 
100. 
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Figure 2.6. 
 
 
Figure 2.5. Comparison of expression and dsRNA induction of Group A genes between 
Lepd-SL1 and Sf9 cells. (A)Comparison of mRNA levels Ago1, Aub and Vha16 genes 
between Lepd-SL1 and Sf9 cells. Total RNA isolated from Lepd-SL1 and Sf9 cells were 
used in qRT-PCR to determine Ago1, Aub and Vha16 mRNA levels. The bars show 
Mean+S.D (n=3). The Student's t-test was used to compare between samples and each 
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time point. *=significantly different at a p-value <0.05. (B) mRNA levels of Ago1, 
Ago2a, Ago2b, Aub and Vha16 in Lepd-SL1 and Sf9 cells exposed to respective 
dsRNAs. Lepd-SL1 and Sf9 cells were exposed to respective dsRNAs for 30 or 60 min.  
Total RNA was isolated and used in qRT-PCR to determine relative mRNA levels. 
Ribosomal protein 4 (RP49) for Lepd-SL1 cells and RP10 for Sf9 were used as internal 
controls. The bars show Mean+S.D (n=3). *=significantly different at a p-value <0.05. 
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Figure 2.7.  
   
Figure 2.6. Bafilomycin-A1 (Baf-A1) blocks RNAi in Lepd-SL1 cells.  (A) 10 nM Baf-
A1 in DMSO or DMSO were added to Lepd-SL1 cells. At 1 hr after addition of the 
inhibitor, 1 µg of dsIAP dsRNA was added to the cells. The cells were photographed at 
24 hr after addition of dsRNA. Apoptosis level was checked under a microscope. (B) 10 
nM Baf-A1 in DMSO or DMSO were added to Lepd-SL1 cells. At 1 hr after addition of 
the inhibitor, the cells were exposed to 32P labeled GFP dsRNA for 16 hr. Total RNA was 
isolated and resolved on 20% polyacrylamide 8M urea gels using 1xTBE buffer. Gels 
were washed, fixed and dried. Dried gels were exposed overnight on a phosphorImager 
screen, and the screen was scanned in a phosphorImager. The numbers at the bottom of 
the gel show the percent conversion of dsRNA to siRNA. 
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Figure 2.8. 
 
Figure 2.7. A schematic drawing on the overall processes of dsRNA-mediated silencing 
in Lepd-SL1: DsRNA uptake, intracellular transport, and processing. Receptor-mediated 
and clathrin-mediated endocytosis are the major dsRNA uptake pathways. Intracellular 
transport likely includes endosomes. The results from the function of Vha16 gene and the 
inhibitor experiments suggest that acidification of endosomes is important for dsRNA 
release into the cytoplasm. Duplication of core RNAi may help Lepd-SL1 cells to process 
dsRNA efficiently. 
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Figure 2.9. 
 
Figure 2.9. A Knockdown efficiency of Groups A&B genes. We randomly selected nine 
genes belonging to groups B&C (Ap50, HPS4, Chc, Loqs, SapoR, CG4572, Dicer2a, 
Staufen, Armitage, and Hps4) to determine their knockdown efficiency. The cells were 
exposed to dsGFP or dsRNA targeting one of the selected genes for 48 hr. Total RNA 
was isolated and used in qRT-PCR to determine relative mRNA levels. Ribosomal 
protein 4 (RP49) was used as an internal control. The Student's t-test was used to 
compare treatments and dsGFP soaking samples.  The bars show Mean+S.D (n=3). 
*=significantly different at a p-value <0.05. 
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Chapter 3. Coleopteran-specific dsRNA binding Staufen: a major contributor 
to RNAi and its resistance  
 
Summary 
The RNA interference (RNAi) discovered in nematodes has already contributed to major 
advances in basic as well as applied sciences. RNAi-based methods are being developed 
for controlling pests and disease vectors. RNAi is highly efficient and systemic in 
coleopteran insects but not in insects belonging to other orders. The lower efficiency of 
RNAi in economically important insects and concerns about resistance development are 
hindering the wide-spread use of this technology. RNAi sensitive Leptinotarsa and a cell 
line derived from this insect were used to identify a dsRNA-binding protein, StaufenC as 
a major contributor to RNAi and its resistance. Interestingly, StaufenC homologs are only 
present in coleopteran insects and are essential for highly efficient RNAi response and its 
resistance in these insects.  
 
Keywords: RNAi, Resistance, double-stranded RNA (dsRNA), StaufenC. 
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Introduction 
Exposure of cells to double-stranded RNA (dsRNA) causes target-specific gene 
silencing known as RNA interference (RNAi). The mechanism of RNAi was discovered 
in the nematode, C. elegans and was subsequently observed in most eukaryotes including 
humans, plants, and insects1,58–60. Unlike vertebrates, most insects are thought to be 
deficient in type 1 interferon-mediated immune response to dsRNA, thus long dsRNAs 
ranging in size from 70-500 bp have been used to silence target genes in insects26,34. 
dsRNAs synthesized in vitro or in microorganisms (including bacteria, yeast, and algae) 
or plants have been used to achieve gene silencing in insects8. RNAi-aided gene silencing 
methods helped to determine functions of genes identified by the genome, transcriptome, 
and proteome sequencing and advance our understanding of the molecular basis of many 
processes involved in insect development, reproduction, behavior, communication, and 
other functions58 . The RNAi technology is being employed to develop methods to 
control crop pests as well as vectors that transmit deadly diseases that affect humans, 
animals, and plants. RNAi is also used to identify target sites for pesticide development 
as well as to manage insecticide resistance in pests and disease vectors7. The EPA 
recently approved transgenic corn plants expressing dsRNA for control of Western corn 
rootworm in the USA. Sprayable dsRNA formulations for control of coleopteran pests 
including Colorado potato beetle (Leptinotarsa decemlineata) and flea beetle are at 
various stages of development (SMARTSTAX PRO: EPA-HQ-OPP-2014-0293).  
 RNAi efficiency is variable among insects tested so far. RNAi works very well 
and is systemic in beetles (Coleoptera) including Tribolium castaneum, Leptinotarsa, and 
Diabrotica virgifera virgifera. In contrast, RNAi works poorly in moths and butterflies 
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(Lepidoptera) such as Spodoptera frugiperda, Manduca sexta, and Bombyx 
mori9,24,26,30,34. Differences in (1) digestion of dsRNA by endogenous dsRNases (dsRNA 
endonucleases), (2) transport of dsRNA into cells and trafficking within cells, (3) 
processing of dsRNA to siRNA, and (4) expression of key RNAi genes and composition 
of proteins coded by these genes have been identified as the main contributors to 
differential RNAi efficiency among insects27,61. Recent studies in our laboratory 
identified dsRNA digestion by endogenous dsRNases and entrapment of dsRNA in 
endosomes as the major contributors to RNAi recalcitrance in lepidopteran insects and 
cell lines31,62.  
Insects have developed resistance to almost all synthetic chemicals used for their 
control, and this has been a constant battle between humans and insects. It is possible that 
insects will develop resistance to RNAi-based technologies. The Leptinotarsa has 
developed resistance to almost all synthetic chemicals used for its control within as short 
period as 2-3 years after their introduction63. Because of its sensitivity to RNAi and the 
inherent ability to develop resistance to chemicals introduced for its control, Leptinotarsa 
could be a good model insect to study potential RNAi resistance.  Resistance in dsRNA 
treated insects may be developed by the selection of individuals with modification in 
genes that code for proteins that function in the RNAi pathway including dsRNA 
transport into cells and trafficking within cells, dsRNA processing, siRNA recruitment, 
and targeting of mRNAs followed by their degradation. Alternatively, insects may 
develop resistance to dsRNAs by selection of individuals with mutations in the dsRNA 
target sites.  Indeed, the concerns about resistance development, the lack of information 
on potential mechanisms of resistance and inefficient RNAi in pest insects belonging to 
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orders other than Coleoptera are among the main reasons for hesitance of industry to 
invest in developing RNAi-based methods for pest and disease vector control. If the 
potential resistance mechanisms involve target site mutations, they can be easily managed 
by using dsRNA targeting different regions of the same gene or a different gene. If the 
resistance is based on the RNAi mechanism, it might become challenging to manage 
resistance. Therefore, information on potential mechanisms of RNAi resistance is 
urgently needed to make progress in the wide-spread use of RNAi for controlling insect 
pests and disease vectors. We used Leptinotarsa and a cell line derived from this insect 
[Lepd-SL1 developed from pupal tissues63] to identify proteins required for robust RNAi 
in coleopteran insects as well as to study potential mechanisms of RNAi resistance. 
Results and Discussion 
 Exposure of Lepd-SL1 cells to increasing concentration of IAP dsRNA 
(inhibition of apoptosis dsRNA, dsIAP) followed by culture of surviving cells for 
multiple rounds resulted in the selection of Lepd-SL1 RNAi resistant cells (Lepd-
SL1RR). Exposure of Lepd-SL1 cells to 20 ng of dsIAP per well in a 96-well plate for 24 
hr induced apoptosis in many cells (Fig. 3.1A). In contrast, Lepd-SL1RR cells exposed to 
the same concentration of dsIAP for 24 hr showed apoptosis in only a few cells (Fig. 
3.1A). Also, treating Lepd-SL1 and Lepd-SL1RR cells with different concentrations of 
dsRNA (2.5-20 ng) showed the similar differences in RNAi response (Fig. 3.5). To 
determine if the lack of apoptosis in Lepd-SL1RR cells is due to a reduction in 
knockdown of IAP, we determined relative IAP mRNA levels in Lepd-SL1 and Lepd-
SL1RR cells exposed to dsIAP and a control dsRNA (dsRNA targeting the gene coding 
for the green fluorescent protein, dsGFP). As shown in Figure 3.1B, a significant 
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decrease in IAP mRNA levels was detected in Lepd-SL1 cells but not in Lepd-SL1RR 
cells exposed to dsIAP.  These data suggest that knockdown of IAP gene is significantly 
less in Lepd-SL1RR cells exposed to dsIAP when compared to that in Lepd-SL1 cells. To 
determine whether the lack of knockdown in IAP gene in dsIAP exposed Lepd-SL1RR 
cells is specific to dsIAP or these cells are resistant to dsRNA-mediated gene knockdown, 
we compared the knockdown efficiency of two additional genes in these two cell lines. 
The mRNA levels of Arsenate resistance protein 2 (ARS2) and Protein arginine N-
methyltransferase 5 (PRMT5) genes were determined in Lepd-SL1 and Lepd-SL1RR 
cells exposed to dsARS2, dsPRMT5 or dsGFP.  A significant knockdown in both ARS2 
and PRMT5 genes was observed in Lepd-SL1 cells exposed to corresponding dsRNAs 
(Figs. 3.1C & 3.6). In contrast, no significant reduction of ARS2 or PRMT5 mRNA 
levels was detected in Lepd-SL1RR cells exposed to ARS2 or PRMT5 dsRNAs (Figs. 
3.1C & 3.6). These data suggest that the lack of RNAi response detected in Lepd-SL1RR 
cells is not specific to the IAP gene or mutations in the IAP gene target region but rather 
likely due to changes in RNAi pathway genes in these cells. To investigate which RNAi 
pathway is altered in the resistant cells, we first checked if dsRNA could be successfully 
taken up by the Lepd-SL1RR cells. Both Lepd-SL1 and Lepd-SL1RR cells were exposed 
to Cy3-labeled dsGFP. The cells were fixed at 2 hr after treatment and observed under a 
confocal microscope. Both Lepd-SL1 and Lepd-SL1RR cells showed internalized labeled 
dsRNA suggesting that transport of dsRNA into resistant cells is not likely the main 
contributor to RNAi resistance in these cells (Figs. 3.1D & 3.7). No fluorescence was 
detected inside the cells exposed to Cy3 dye alone (Fig. 3.8). The Cy3-labeled dsIAP is 
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able to induce apoptosis in Lepd-SL1 demonstrating that labeling did not affect its 
function (Fig. 3.9). 
Dipteran insects including Drosophila are refractory to fed or injected dsRNA, 
but an expression of dsRNA within the cells through transgenic approaches results in 
highly robust knockdown of target genes64. Studies in the tephritid fruit fly, Bactrocera 
dosalis showed that transient refractoriness of this insect to fed dsRNA is mediated by 
changes in the endocytotic pathway65. The genomes of dipteran insects including 
Drosophila do not code for SID-1 like proteins required for dsRNA transport in C. 
elegans20. Thus dsRNAs may be taken up by endocytotic pathways in these insects.  
Recently, a dsRNA-resistant population of the Western corn rootworm, Diabrotica 
virgifera virgifera was selected, and studies on these insects identified changes to dsRNA 
uptake as the possible mechanisms of resistance66. Also, knockdown in the expression of 
genes coding for proteins that function in endocytotic pathways reduced the effectiveness 
of RNAi in Leptinotarsa33 and Tribolium36. Taken together these studies suggest that 
dsRNA uptake into cells is one of the potential mechanisms of RNAi resistance. 
However, changes in uptake of dsRNA into cells do not appear to be a significant 
contributor to RNAi resistance observed in Lepd-SL1RR cells in the current study. 
Cy3-labeled dsRNA experiments showed uptake of dsRNA by both susceptible 
and resistant cells. To confirm these results and to track processing of dsRNA to siRNA, 
we used 32P labeled dsRNA. Lepd-SL1 and Lepd-SL1RR cells were exposed to 32P-
labeled dsGFP, and the total RNA was isolated from the cells collected at 24 hr after the 
exposure to the labeled dsRNA. The dsRNA bands were detected in the RNA isolated 
from both Lepd-SL1 and Lepd-SL1RR cells (Fig. 3.1E, Lane 2&3) demonstrating that 
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dsRNAs are taken up by both susceptible and resistant cells. These data confirmed results 
from Cy3-labeled dsRNA experiments and showed that dsRNA is transported into both 
susceptible and resistant cells.  The more interesting results from these experiments are 
differences observed in the processing of dsRNA to siRNA between Lepd-SL1 and Lepd-
SL1RR cells. As reported previously27, dsRNA was processed into siRNA in Lepd-SL1 
cells (Fig. 3.1E). However, very little processed siRNA was detected in Lepd-SL1RR 
cells. There was more than 80% decrease in conversion of dsRNA to siRNA in Lepd-
SL1RR cells when compared to that in Lepd-SL1 cells (Fig. 3.1E).  
Trafficking of dsRNAs into the cytoplasm for processing to siRNA followed by 
association with RNA-induced silencing complex to direct the cleavage of target mRNAs 
was shown to contribute to the differential efficacy of RNAi between lepidopteran and 
coleopteran insects31,62. In coleopteran insects, the dsRNA is transported and processed to 
siRNA efficiently resulting in robust knockdown of target genes.  In lepidopteran cells, 
however, the dsRNA taken up by cells is trapped in the endosomes resulting in inefficient 
processing of dsRNA to siRNA as well as knockdown of target genes61. Recent studies 
suggest that the trafficking of siRNAs from endosomes into the cytoplasm is a significant 
hurdle in achieving robust RNAi in gene silencing applications in humans67. In our 
experiments, we found that resistant cells take up dsRNA, but it is not processed to 
siRNA suggesting that intracellular trafficking or processing of dsRNA to siRNA may 
have been altered in resistant cells. Collectively, these studies suggest that steps between 
dsRNA uptake and its processing to siRNA including intracellular trafficking and 
processing of dsRNA to siRNA could be one of the potential mechanisms of RNAi 
resistance. 
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To identify genes whose expression changes affect RNAi response in Lepd-
SL1RR cells, the relative mRNA levels of 50 genes shown to be involved in RNAi68 were 
determined by qRT-PCR.  Among the 50 genes tested, only one gene, a homolog of 
Staufen (Staufen C, StauC, so named because of its presence only in coleopteran insects 
as described below) showed >2 fold decrease in mRNA levels in Lepd-SL1RR cells 
when compared to its levels in Lepd-SL1 cells (Figs. 3.2A & 3.10). These data suggest 
that reduction in expression of StauC may be a significant contributor to RNAi resistance 
in Lepd-SL1RR cells. To determine if there are any changes in expression of other genes 
besides StauC, we compared transcriptomes of Lepd-SL1 and Lepd-SL1RR cells (Table 
3.1). Differential gene expression analysis identified 278 (104 downregulated and 174 
upregulated) genes that are differentially expressed by >2 fold with a p-value of 0.05 
between resistant and susceptible cells (Figs. 3.2B & 3.11).  Interestingly, StauC is in the 
group of the genes that are expressed >2 fold less in Lepd-SL1RR cells. The differential 
expression of a dozen genes randomly selected (nine downregulated and three 
upregulated) was confirmed by qRT-PCR (Fig. 3.2C). Also, the RNAi of RNAi assay 
was used to determine if 18 genes that showed differential expression between resistant 
and susceptible cells (selected based on their predicted function in dsRNA transport and 
processing) are required for RNAi response.  Out of the 18 genes tested, the only 
knockdown of StauC resulted in 100% survival of cells exposed to dsIAP suggesting that 
StauC is required for RNAi response (Fig. 3.2D).  Knockdown of two other genes tested, 
V-ATPase B and V-ATPase d resulted in 30% survival of cells suggesting that these 
genes may be involved in RNAi (Fig. 3.2D). These data showed that StauC plays an 
important role in the development of resistance to dsRNA in Lepd-SL1RR cells. A few 
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other genes known to function in dsRNA transport and processing showed a change in 
their expression between Lepd-SL1 and Lepd-SL1RR cells, but none of them are as 
significantly affected as StauC (Figs. 3.2B & 3.11).   In mammalian cells, mRNA 
Editase-related genes (ADAR1/Editase/Deaminase) are shown to mediate resistance to 
RNAi69. In our studies, none of these genes showed differential expression between 
susceptible and resistant cells (Fig. 3.12) suggesting that the mechanisms of resistance 
could be different between mammalian and insect cells. 
The experiments described above showed that StauC is an essential component of 
RNAi pathway and its downregulation causes resistance to dsRNA.  We conducted 
further research to investigate the function of StauC in RNAi pathway. In an RNAi of 
RNAi assay, pretreatment of Lepd-SL1 cells with dsStauC blocked the induction of 
apoptosis caused by dsIAP treatment (Fig. 3.3A). To determine if StauC is required for 
processing of dsRNA to siRNA in RNAi susceptible Lepd-SL1 cells, the 32P-labeled 
dsGFP was used to track dsRNA processing in cells exposed to dsStauC or dsGFP.  As 
expected, the control Lepd-SL1 cells exposed to 32P-labeled dsGFP processed dsRNA to 
siRNA (Fig. 3.3B). However, the cells exposed to dsStauC for 24 hr or 48 hr showed 
very little siRNA suggesting that knockdown of StauC affects dsRNA to siRNA 
processing in these cells (Fig. 3.3B). Analysis of StauC sequences identified four 
conserved dsRNA binding domains including Staufen domain (Fig. 3.13). To determine 
if StauC from Leptinotarsa can bind dsRNA, we performed pull-down and gel mobility 
shift assays. StauC bound to biotinylated GFP dsRNA as shown by precipitation of 
StauC/dsRNA complex by streptavidin followed by identification of StauC protein on 
western blots using StauC polyclonal antibodies (Fig. 3.3C).  StauC expressed in E. coli 
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bound to 32P-labeled dsGFP, and the binding was competed by excess cold dsGFP 
demonstrating the specific binding of StauC to dsRNA (Fig. 3.3D). These data suggest 
that StauC can bind dsRNA and plays an important role in the RNAi, specifically at one 
or more steps in between dsRNA entry into cells and its processing to siRNA.  
  Blast searches were conducted to identify StauC homolog sequences deposited in 
GenBank and i5K databases. Staufen homolog sequences were identified in most of the 
insect genomes, and transcriptome databases searched. However, we were not able to 
find any StauC homolog sequences in insects outside the order Coleoptera. Twenty-two 
out of 31 coleopteran insect genomes/transcriptomes searched showed two Staufen 
homolog sequences: Staufen (Stau. present in all insects and contains conserved Stau 
sequence and four RNA binding domains, Fig. 3.14) and StaufenC (StauC, present only 
in insects from Coleoptera and contains conserved Stau sequence and three RNA binding 
domains, Fig. 3.14). Two out of 31 coleopteran insect sequences searched showed only 
StauC, while another seven contained only Stau (Fig 3.13). The detection of only one 
Staufen sequence in nine out of 31 coleopteran insects may be due to their absence in the 
assembled transcriptome sequences. Further sequencing and analysis are required to 
determine whether or not these nine coleopteran insects code for two Staufens. Besides, 
StauC sequences are not found in genomes of any other organisms including mammals. 
Phylogenetic analysis showed that Stau sequences from mammals (Stau1 and Stau2) and 
insects are sharing the branch, and StauC and nematode Stau were relatively closed to 
them compare to the other dsRNA binding proteins including R2D2, Loquacious, and 
TRBP2 (Fig 3.4A). Interestingly, Stau is not required for RNAi response in Lepd-SL1 
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cells (Fig. 3.15). Therefore, it appears that although coleopteran insects code for two 
Staufen proteins, only one of them, StauC, is required for RNAi response. 
To determine if StauC has a conserved role in efficient RNAi in vivo in 
Leptinotarsa and in other Coleopteran insects, we performed the RNAi of RNAi assay in 
vivo. dsRNA targeting StauC gene was fed to Leptinotarsa larvae or injected into the 
other coleopteran insect, Tribolium larvae.  Two days later, these larvae were fed or 
injected with second dsRNA, dsIAP.  As shown in Figures 3.4B & C, treatment with 
StauC dsRNA followed by exposure to dsIAP resulted in significantly less mortality 
compared to that in control larvae treated with dsLuc followed by dsIAP. These data 
showed that StauC is required for RNAi in Leptinotarsa and Tribolium larvae.  These 
data confirm results observed in Leptinotarsa cell line and suggest that StauC present 
only in insects belonging to order Coleoptera is a major contributor to robust and 
systemic RNAi response observed in this groups of insects.    
 It appears that multiple mechanisms are responsible for the variable efficiency of 
RNAi among insects. Most coleopteran insects tested to date showed highly efficient and 
systemic RNAi response to ingested or injected dsRNA9,26,30.  On the other hand, 
lepidopteran insects tested to date showed highly variable and inefficient response to 
dsRNA injection or feeding24.  The other insects belonging to orders including Diptera65, 
Hemiptera70, Isoptera71, Orthoptera72 and Dictyoptera73 showed intermediate levels of 
response between coleopteran and lepidopteran insects. Recent research on mechanisms 
underlying differential efficiency of RNAi among insects identified key players involved 
in multiple steps in RNAi pathway including digestion by dsRNases27,28,74–76, dsRNA 
uptake into the cells5,33,36,74, transport within the cells31,62 and processing to siRNA31,62.   
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 The most exciting finding of this paper is the identification of coleopteran specific 
StauC as a critical player in robust and systemic RNAi response in coleopteran insects. 
Staufen was discovered in Drosophila in a screen for maternal effect mutants.  
Embryonic defects including absence of pole cells, abdomen reduction, and head 
deformation are exhibited by Drosophila Staufen mutants mainly caused by defects in 
mRNA localization77,78. Staufen is the first dsRNA binding protein discovered and shown 
to function in trafficking of RNA to different subcellular compartments and organelles. 
Multiple dsRNA binding domains have been detected in Staufens from different 
organisms. Two Staufen (Stau1 and Stau2) homologs were identified in mammals using 
Drosophila Staufen79–81. Both genes are expressed in dendrites and help with mRNA 
transport81. Staufens function in mRNA decay as well as repression of translation and 
virus replication82–84.  Due to the dsRNA binding ability of Staufens observed in previous 
studies, it is quite possible that Staufens could play an important role in dsRNA triggered 
RNAi response. To date, only the Staufen homolog identified from C. elegans was 
reported to be involved in RNAi response. Mutants of nematode Staufen showed 
enhanced exogenous RNAi85. This is exactly opposite to what we observed in the current 
study. Knockdown of StauC in these two beetles severely impaired RNAi response. 
Interestingly, unlike in Drosophila and many other insects, beetles including Leptinotarsa 
and Tribolium genomes code for two Staufens, Stau and StauC. Stau is similar to the 
Staufens present in all other insects, but StauC is present only in coleopteran insects.  
Given its dsRNA binding ability and its demonstrated functions in trafficking, decay and 
translation repression of RNA in mammals, it is likely that StauC in beetles is involved in 
intracellular trafficking of dsRNA to the sites for dicer action followed by recruitment to 
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RISC complex. It is also possible that StauC may function as a dsRNA binding protein, 
specifically in interaction with Dicer proteins. The data included in this paper support this 
hypothesis but further experiments are needed to uncover the precise function of StauC in 
RNAi response in beetles.  Nevertheless, the discovery of beetle-specific StauC, its 
conserved role in highly efficient and systemic RNAi and development of resistance to 
dsRNA triggered RNAi response should help not only in improving RNAi in refractory 
insects but also for the development of strategies to manage resistance against RNAi 
products.  
Material and Methods 
Cell culture and Generation of an apoptosis-resistant cell line 
 Colorado potato beetle cell line (Lepd-SL1 cells) was obtained from the 
Biological Control of Insects Research Laboratory, USDA-ARS, Columbia, MO. These 
cells were cultured in EX-CELL 420 (Sigma–Aldrich) medium supplemented with 10% 
FBS (Seradigm Fetal Bovine Sera) and incubated at 27 °C. Lepd-SL1 cells were seeded 
in 6-well plates, 5 ng of dsIAP/well was added to the medium on the first day of culture. 
Once cells reached 70~80% confluency, 5 ng of dsIAP/well was added again. The 
concentration of dsIAP was increased gradually in subsequent rounds of selection to 
reach up to 20 ng/well which can induce apoptosis in 70~80% of Lepd-SL1 cells within a 
day after treatment.   
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Total RNA extraction, PCR, Reverse-transcriptase quantitative real-time PCR 
(qRT-PCR) and dsRNA synthesis 
Total RNA isolation, PCR to amplify dsRNA templates, qRT-PCR, and dsRNA 
synthesis were performed as described previously31,68.  The relative mRNA levels were 
determined in triplicate biological samples using mRNA levels of ribosomal protein 4 
(RP4) as an internal control for normalization.  To determine knockdown efficiency, 
200,000 cells were seeded in each well of a 12-well plate. 100 ng of dsIAP or dsGFP 
(control dsRNA targeting Green Fluorescent Protein gene with no detectable effect in 
CPB) were added to the medium. The cells were harvested, total RNA was isolated and 
used to measure relative IAP mRNA levels using qRT-PCR. 
Internalization study of Cy3-labeled dsGFP 
To label dsRNA with Cy3, Silencer siRNA labeling Kit purchased from Ambion 
was used. 40 μg of lyophilized Cy3 dye were resuspended in 100 μl reconstitution 
solution (final stock: 400 ng/ μl). 7.5 μl of Cy®3 labeling reagent, 2.0 μl of dsRNA, 5.0 
μl of 10X labeling buffer and nuclease-free water to 40 μl were incubated at 37°C for 1 hr 
(dark condition). Then, 5 μl of 5M NaCl (0.1 volume) and 125 μl of 100% cold ethanol 
were added to the samples and stored at -20°C. Next day, the sample was centrifuged at 
15,000 rpm for 20 min. The supernatant was discarded, and the pellet was washed with 
175 μl of 70 % ethanol and centrifuged for 5 min at 15,000 rpm. Ethanol was discarded, 
and the pellet was air dried for 10 min at RT, and the labeled dsRNA pellet was dissolved 
in 30 μl nuclease-free water, and the dsRNA concentration was determined by nanodrop 
spectrophotometer. Cy3-labeled dsIAP was made by the above method, and 100 ng of 
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dsRNA in 100 µl medium was added to Lepd-SL1 cells to check Cy3-labeled dsRNA 
functionality. 
100,000 cells/well were seeded in 8-well chamber slides (Lab-Tek). The next day, 
100 ng of Cy3 labeled dsGFP was added to each well and incubated for about 2 hr. The 
cells were washed twice with 1X PBS buffer, fixed with 4% paraformaldehyde and 
mounted in EverBrite mounting medium containing DAPI (Biotium). Cells were 
visualized under Leica TCS SP8 confocal microscope using DAPI, Cy3 (555-595 nm), 
and Bright field channels.   
Studies on the processing of 32P labeled dsRNA 
Methods to study processing of 32P labeled dsRNA have been described in our 
recent publication31. Briefly, 1.6 x 106 CPM (count per million) 32P-labeled dsGFP was 
added to both Lepd-SL1 and Lepd-SL1 RR cell lines. After 24 hr, the cells were 
harvested, and RNA was isolated. 2000 CPM RNA was loaded onto 16% acrylamide gel, 
and the gels were dried and exposed overnight to a phosphorImager screen, and the 
screen was scanned in a phosphorImager (Typhoon 9500, GE Healthcare Life Sciences, 
USA). The intensity of bands was analyzed by ImageJ programs to measure relative 
levels of dsRNA and siRNA.    
Comparison of transcriptomes of susceptible and resistant cells 
Total RNA was isolated from susceptible and resistant cells and used for the 
preparation of libraries as described recently86. The libraries were sequenced using the 
HiSeq4000 sequencer at the Genomics Technologies Center of Duke University, NC, 
USA. Raw sequencing data statistics are shown in Table 3.1. Expression levels of 
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mapped genes were compared using the RNA-Seq analysis tool from CLC workbench 
(Version 11.0). EDGE test analysis was performed using the recommended parameters 
and the genes expressed differentially between susceptible and resistant cells were 
identified with a p-value <0.05 and fold change > 2 fold for upregulated genes and < -2 
fold for downregulated genes.  Differentially expressed genes were annotated using 
“cloud blast” feature within the “Blasto2GO plug In” in CLC Genomic Workbench 
(Version 11.0).  
StauC protein production, pull-down, and electrophoretic mobility shift assays    
The StauC construct, purified protein, and antibody were prepared by GenScript 
(GenScript, USA). The purified StauC protein was used for Gel-shift and the pull-down 
assays. 0.5 μg of StauC protein and BSA protein (a negative control) in M-PER reagent 
(Pierce, Rockford, IL) were mixed with biotinylated dsGFP (prepared using Biotin RNA 
labeling mix, Roche) for an hour. Unlabeled dsGFP was used as a negative control. 
Biotinylated dsGFP was pulled down using the streptavidin magnetic beads (Pierce, 
Rockford, IL). The pulled down proteins were resolved on SDS-PAGE, transferred to 
membrane and western blot hybridization was performed using StauC antibodies. The 
ScanLater™ Western Blot Detection System (Molecular Devices, Sunnyvale, CA) was 
used to scan washed blots. 
2 x 104 Counts per million 32P labeled dsGFP was incubated with 60 ng of StauC 
protein at 30°C for 30 min in 1x buffer 12 [100mM KOAc, 10mM HEPES (pH 7.4), 2 
mM Mg(OAc)2 and 5 mM DTT]. For competition with 100X or 1000X unlabeled dsGFP 
was included in the reaction. After addition of 1.2 µl 50% glycerol and 3 µl of loading 
dye, the reaction was resolved by non-denaturing PAGE (4%). After electrophoresis, the 
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gels were fixed in 10% isopropanol, dried and exposed to a phosphorImager screen 
overnight and the image was scanned using a phosphorImager. 
RNAi of RNAi assay 
 The in vitro RNAi of RNAi assay using Lepd-SL1 cells was performed as 
described previously68. For in vivo RNAi of RNAi assay for CPB, 100 ng of dsStauC was 
spread on leaf discs and fed to last instar larvae. Two days later, 10 ng of dsLdIAP was 
fed, and mortality was determined on the 4th day after the second dsRNA feeding. For in 
vivo RNAi of RNAi in RFB, 200 ng of dsTcStauC, dsTcIAP or dsGFP were injected to 
the early stage last instar larva. The second dsRNA was injected at 48 hr after the first 
injection. The percentage of mortality was checked on the 11th day after the second 
injection.  
Identification of StauC homologs and phylogenetic studies 
The amino acid sequences of the mammalian, insect, and nematode dsRNA 
binding proteins were obtained from i5K workspace 
(http://i5k.nal.usd.gov/webapp/blast/) based on sequence homology searches by running 
BLASTp and tBLASTn using the NCBI BLAST service (http://www.ncbi.nlm.nih.gov/) 
and Uniport BLAST service (http://www.uniprot.org/). The Muscle program in MEGA 
7.0 was used to align the proteins, and the neighbor-joining analysis was performed in 
MEGA 7.0 with bootstrapping to estimate the reliability of phylogenetic reconstruction 
(1000 replicates). The SMART domain analysis (http://smart.embl-heidelberg.de/) 
program and conserved domain database (https://www.ncbi.nlm.nih.gov/cdd/) were used 
to predict the protein architecture.  
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Statistical Analysis 
For testing the gene expression patterns, Student's t-test was used to compare the 
gene expression difference between control and treatment groups. A p-value of 0.05 or 
less between groups was considered as a significant difference. 
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Figure. 3.1. 
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Figure 3.1. Development of the RNAi resistant Lepd-SL1 cell line and identification of 
resistance mechanisms. (A) Apoptosis phenotype observed after exposing Lepd-SL1 and 
Lepd-SL1RR (RNAi Resistant) cells to dsIAP. The cells were exposed to 20 ng of dsIAP 
in 100 µl medium and photographed at 24 hr after treatment. The arrow points to the 
apoptotic bodies seen in cells undergoing apoptosis. (B) Relative IAP mRNA levels in 
Lepd-SL1 and Lepd-SL1RR cells exposed to dsIAP. The cells were exposed to dsIAP or 
dsGFP (a control), total RNA was isolated and used to quantify relative IAP mRNA 
levels by qRT-PCR.  Ribosomal protein 4 (RP4) was used as an internal control. The bars 
show Mean ± SD (n=3). * p < 0.05. (C) Relative Ars2 mRNA levels in Lepd-SL1 and 
Lepd-SL1RR cells exposed to dsArs2 quantified as described in Figure legend 3.1B.  (D) 
Subcellular localization of Cy3-labeled dsGFP in the Lepd-SL1 and Lepd-SL1RR cells. 
The cells were exposed to 25 ng Cy3-labeled dsGFP in 8-well chamber slides, fixed, 
mounted in DAPI containing medium and photographed using a confocal microscope. 
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Cy3 (Cy3-labeled dsGFP), BF (Bright Field) (E) Comparison of processing of dsRNA to 
siRNA in Lepd-SL1 and Lepd-SL1RR cells. The cells in six-well plates were exposed to 
1.6 million CPM 32P-labeled dsGFP. At 24 hr after the addition of dsRNA, the cells were 
harvested, and RNA was isolated. RNA containing 2000 CPM was resolved on 16% 
acrylamide-urea gel. The first and last lanes show GFP dsRNA and GFP dsRNA 
processed to siRNA, respectively used as markers. The arrows point to dsRNA and 
siRNA bands.   
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Figure 3.2. 
 
Figure 3.2. StauC is the major contributor to RNAi Resistance. (A) Relative StauC 
mRNA levels in Lepd-SL1 and Lepd-SL1RR cells. Among the 52 RNAi genes tested by 
qRT-PCR, StuaC is the only gene that showed more than 2-fold difference in expression 
between Lepd-SL1 and Lepd-SL1RR cells (details in Fig 5S). (B) The heatmap of RNA-
seq data based on the differential expression profile of the transcripts in Lepd-SL1 and 
Lepd-SL1RR. This figure shows the downregulated genes, and upregulated genes are 
shown in Fig. 7S. The heatmap was generated by the CLC Genomics software version 
11.0 (Qiagen Bioinformatics, USA) for genes differential expressed by >2 fold with a p-
value of 0.05 between Lepd-SL1 and Lepd-SL1RR. The color key represents Log2 
transformed fold differences between Lepd-SL1 and Lepd-SL1RR. The arrow points to 
the StauC gene, Ld_c7641. (C) Comparison of differential expression of select genes 
between Lepd-SL1 and Lepd-SL1RR cells obtained by qRT-PCR and RNA-seq. The 
arrow points to the StauC gene, Ld_c7641. Complete names of genes are listed in Table 
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3.2A. (D) Involvement of 18 differentially expressed genes in RNAi determined by RNAi 
of RNAi assay (26). Complete names of genes are listed in Table 3.2B.   
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Figure 3.3. 
 
Figure 3.3. StauC is the major contributor to RNAi pathway. (A) Phenotypes of the RNAi 
of RNAi assay. The Lepd-SL1 cells were exposed to dsGFP followed by dsGFP (a), 
dsGFP followed by dsIAP (b), and dsStauC followed by dsIAP (B) Comparison of 
processing of dsRNA to siRNA in Lepd-SL1 cells exposed to dsGFP (control), dsStauC 
for 24 or 48 hr incubation. The cells seeded in six-well plates were exposed to 1.6 million 
CPM 32P-labeled dsGFP. At 24 or 48 hr after the addition of dsRNA, the cells were 
harvested, and RNA was isolated and used to visualize dsRNA to siRNA processing as 
described in Figure 1E legend (C). The RNAi of RNAi assay was performed as described 
previously68 and the photographs were taken at 48 hr after treatment with the second 
dsRNA. The arrow points to the apoptotic bodies seen in cells undergoing apoptosis.  (C) 
The pull-down assay using biotinylated dsGFPs and streptavidin beads. Purified StauC 
protein was mixed with biotinylated dsGFP, and the mixture was pulled down by 
streptavidin beads. The same amount of BSA and unlabeled dsGFP were used as negative 
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controls. The eluted sample was resolved on SDS-PAGE (10%) gel, transferred to the 
membrane and StauC antibody was used to detect StauC by Western blots. (D) StauC 
expressed in E. coli binds to 32P-labeled dsGFP. StauC protein and 32P-labeled dsGFP 
were mixed and incubated for 20 min and resolved on native PAGE (4%). 
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Figure 3.4. 
 
Figure 3.4. StauC gene sequences are present in only coleopteran insects and StauC is 
essential for RNAi in these insects. (A) Neighbor-joining phylogenetic tree of dsRNA-
binding proteins. Major clusters of proteins include Staufen subfamilies (Mammalian 
Stau1 and Stau2, nematode and insect Stuafens from 9 insect orders, and Coleopteran 
StuafenC), insect dsRNA binding proteins (R2D2 and Loquacious), and mammalian 
RNA binding protein (TRBP2). Stau from M. caerulatus, P. americana, E. pennata, L. 
decemlineata, D. melanogaster, M. sexta, D. novaeangliae, E. danica, H. halys, P. 
teretrirostris and C. elegans; StauC from L. decemlineata and T. castaneum; Stau1 from 
B. taurus and M. musculus; Stau2 from B. taurus and M. musculus; Loquacious from D. 
melanogaster, B. mori and L. decemlineata; R2D2 from L. decemlineata; TRBP2 from H. 
sapiens, B. taurus and M. musculus are included. (B) In vivo assay of RNAi of RNAi in L. 
decemlineata. The third instar L. decemlineata larvae were fed with dsStauC or dsGFP 
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(control) followed by dsIAP on the second day after feeding with first dsRNA (N>11). 
The survival rate was recorded on Day 4. (C) In vivo assay of RNAi of RNAi in T. 
castaneum. The dsGFP or dsStauC was injected into early last instar larvae followed by 
injection of dsIAP at 48 hr after the first dsRNA treatment. The survival rate was 
recorded over an 11-day period. 
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 Figure 3.5. 
 
Figure 3.5. Apoptosis phenotype observed after exposing Lepd-SL1 and Lepd-SL1RR 
(RNAi Resistant) cells to dsIAP with various concentrations. The cells were exposed to 
2.5 to 40 ng of dsIAP in 100 µl medium and photographed at 48 hr after treatment with 
dsRNA.  
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Figure 3.6. 
 
Figure 3.6. Apoptosis relative PRMT5 mRNA levels in Lepd-SL1 and Lepd-SL1RR cells 
exposed to dsPRMT5. The cells were exposed to dsPRMT5 or dsGFP (a control), total 
RNA was isolated and used to quantify relative PRMT5 mRNA levels by RT-qPCR. 
Ribosomal protein 4 (RP4) was used as an internal control.  
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Figure 3.7. 
 
Figure 3.7.Negative controls for subcellular localization experiments. Lepd-SL1 cells 
without dsRNA (up) and Cy3 dye alone (bottom) were tested. The cells were fixed, 
mounted in DAPI containing medium and photographed using a confocal microscope. 
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Figure 3.8. 
 
Figure 3.8. Negative controls for subcellular localization experiments. Images of Lepd-
SL1 cells untreated or incubated with Cy3 dye alone are shown. At 6 hr after incubation, 
the cells were fixed, mounted in DAPI containing medium and photographed using a 
confocal microscope. 
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Cy3-dsGFP Cy3-dsIAP 
 
Figure 3.9. 
 
Figure 3.9. Confirmation of Cy3-labeled dsRNA function targeting IAP gene. Cy3-
labeled dsGFP and dsIAP were in vitro synthesized and added to Lepd-SL1 cells. The 
cells were exposed to 100 ng of dsRNA in 100 µl medium and photographed at 24 hr 
after treatment with dsRNA. 
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Figure 3.10. 
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Figure 3.10. Relative mRNA levels of 52 RNAi genes in Lepd-SL1 and Lepd-SL1 RR 
cells by qRT-PCR.  Total RNA was isolated from cells, and the mRNA levels were 
quantified using qRT-PCR. Student's t-test was used to compare the gene expression 
difference between control and treatment groups 
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Figure 3.11. The heatmap of RNA-seq data based on the differential expression analysis 
of RNA from Lepd-SL1 and Lepd-SL1RR cells. The expression levels of 174 
upregulated genes are shown.  
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Figure 3.12. Relative mRNA levels of Editase-related genes in Lepd-SL1 and Lepd-SL1 
RR cells by qRT-PCR.  Total RNA was isolated from the cells, and the mRNA levels 
were quantified using qRT-PCR. 
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Figure 3.13 
 
 
Figure 3.13. Domain structures of Staufen and StaufenC in Coleopterans. The figure 
on the left is the domain structure of StauC, and one on the right is the domain 
structure of Stau. The SMART domain analysis (http://smart.embl-heidelberg.de/) 
program and conserved domain database (https://www.ncbi.nlm.nih.gov/cdd/) were 
used to predict the protein architecture. 
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Figure 3.14 
 
 
Figure 3.14. Neighbor-joining phylogenetic tree of Staufen and StaufenC proteins. 
Complete and partial sequences of Staufen and StaufenC amino acid sequences are 
aligned using Muscle alignment program. The bootstrap consensus tree inferred from 
1000 replicates is taken to represent the evolutionary history of the taxa analyzed. 
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Figure 3.15 
 
 
 
Figure 3.15. Staufen is not required for RNAi response in Lepd-SL1 cells. The Lepd-
SL1 cells were exposed to dsGFP followed by dsGFP (a), dsGFP followed by dsIAP 
(b), and dsStau followed by dsIAP (c). The RNAi of RNAi assay was performed as 
described previously (25) and the photographs were taken at 48 hr after treatment 
with the second dsRNA. The arrow points to the apoptotic bodies seen in cells 
undergoing apoptosis. 
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Table 3.1.Summary statistics for transcriptome sequencing obtained from Lepd-SL1 and Lepd-
SL1RR  
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Table 3.2. List of the names of differently expressed genes shown in Figs. 2B and  
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Chapter 4. Accumulation of dsRNA in endosomes contributes to inefficient 
RNA interference in lepidopteran insects 
 
This chapter has been published in Insect Biochemistry and Molecular Biology with 
following authors: June-Sun Yoon, Dhandapani Gurusamy, Subba Reddy Palli. 
Accumulation of dsRNA in endosomes contributes to inefficient RNA interference in 
lepidopteran insects. Insect Biochemistry and Molecular Biology, Volume 90, November 
2017, Pages 53-60. 
Summary 
RNA interference (RNAi) efficiency varies among insect species studied. The 
barriers for successful RNAi include the presence of double-stranded ribonucleases 
(dsRNase) in the lumen and hemolymph that could potentially digest double-stranded 
RNA (dsRNA) and the variability in the transport of dsRNA into and within the cell. We 
recently showed that the dsRNAs are transported into lepidopteran cells, but they are not 
processed into small interference RNAs because they are trapped in acidic bodies. In the 
current study, we focused on the identification of acidic bodies in which dsRNAs 
accumulate in lepidopteran cells. Time-lapse imaging studies showed that dsRNAs enter 
Sf9 cells and accumulate in acidic bodies within 20 min after their addition to the 
medium. CypHer-5E-labeled dsRNA also accumulated in the midgut and fat body 
dissected from Spodoptera frugiperda larvae with similar patterns observed in Sf9 cells. 
Pharmacological inhibitors assays showed that the dsRNAs use clathrin receptor-
mediated endocytosis pathway for transport into the cells. We investigated the potential 
dsRNA accumulation sites employing LysoTracker and double labeling experiments 
using the constructs expressing a fusion of green fluorescence protein with early or late 
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endosomal marker proteins and CypHer-5E-labeled dsRNA. Interestingly, CypHer-5E-
labeled dsRNA accumulated predominantly in early and late endosomes. These data 
suggest that entrapment of internalized dsRNA in endosomes is one of the major factors 
contributing to inefficient RNAi response in lepidopteran insects. 
Keywords: RNAi, intracellular transport, double-stranded RNA (dsRNA), Spodoptera 
frugiperda. 
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Introduction 
RNA interference (RNAi), a post-transcriptional gene silencing mechanism where 
a double-stranded RNA (dsRNA) induces the silencing of the target gene, was first 
discovered in the nematode Caenorhabditis elegans 1. With the advances in genome 
sequencing technology, RNAi studies in insects have accelerated and made significant 
contributions to basic science as well as in the development of applications to control 
pests and diseases [see recent reviews5–9]. RNAi works efficiently and is systemic in 
coleopteran insects including the corn rootworm, the red flour beetle, and the Colorado 
potato beetle 26,34,87. RNAi-based methods for controlling coleopteran insects including 
corn rootworm and Colorado potato beetle are under development and expected to be 
available for pest control shortly. 
However, limiting the widespread use of RNAi in pest management is the 
variability in RNAi efficiency among insects.  RNAi works well in some insects 
especially those belonging to order Coleoptera. However, RNAi does not work efficiently 
in most other insects. Several limitations to RNAi including digestion of dsRNA by 
dsRNA ribonuclease (dsRNase), inefficient uptake and processing of dsRNA due to the 
absence or lower expression of key RNAi genes have been reported 24,28,76,88,89. In the 
silkmoth, Bombyx mori, a nuclease that digests dsRNA was identified 28. dsRNA 
degrading nucleases had been identified in insects including the migratory locust, Locusta 
migratoria 25, the desert locust, Schistocerca gregaria 89, the pea aphid, Acyrthosiphon 
pisum 88, the tarnished plant bug, Lygus lineolarus 88 and the Colorado potato beetle, 
Leptinotarsa decemlineata 75. Interestingly, RNAi-mediated knockdown of the gene 
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coding for dsRNase in Colorado potato beetle adults increased RNAi efficiency resulting 
in an improved protection of potato plants from this pest 75. 
Recently, we showed that some of the dsRNA fed or injected into lepidopteran 
larvae escapes dsRNase digestion, enters lepidopteran cells but it is not processed into 
small interference RNA (siRNA) 31. In this paper, we studied the transport of dsRNA in 
Sf9 cells and Spodoptera frugiperda tissues, midgut and fat body. We synthesized 
dsRNA labeled with two types of dyes with opposite pH-sensitivity properties and 
compared the intracellular transport of labeled dsRNAs in Sf9 cells using the time-lapse 
imaging. Feeding or injection of labeled dsRNA into S. frugiperda larvae showed 
accumulation of dsRNA in the acidic granules in the midgut and fat body similar to the 
pattern observed in Sf9 cells. Pharmacological inhibitor assays showed that the labeled 
dsRNAs go through clathrin-mediated endocytosis. Double labeling experiments using 
LysoTracker, EGFP::Rab4B-, EGFP:: Rab7-fusion protein constructs and CypHer-5E-
labeled dsRNA identified the dsRNA accumulating acidic bodies as endosomes. These 
data suggest that the entrapment of internalized dsRNA in endosomes contributes to poor 
RNAi response in S. frugiperda cells and tissues.  
Materials and Methods 
Time-course studies  
  Sf9 cells are derived from IPLB-Sf21-AE, an established cell line originally 
isolated from Spodoptera frugiperda ovaries. This cell line was maintained in Sf-900™ II 
SFM (Gibco, ThermoFisher Scientific) and incubated at 27°C. Preparation of Fluorescent 
labeled dsRNA (GFP) and CypHer-5E labeled dsRNA (GFP) has been previously 
reported 31. For the “dye alone” experiment we used the amount of dye used for 
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conjugating one reaction of CypHer-5E labeled dsRNA (50 µg). 1 x 105 Sf9 cells were 
seeded in the wells of glass bottom dishes (CELL E&G Company, Catalog No. 
GBD00002-200). The live Sf9 cells were exposed to 100 ng CypHer-5E or 1000ng 
fluorescein labeled dsRNA, a mixture of the two or CypHer-5E dye alone. The images 
were captured under the Nikon A1R, a point scanning confocal microscope, at various 
time points after the addition of dsRNAs or the dye.   
In vivo dsRNA transport experiments   
Spodoptera frugiperda larvae were purchased from Benzon research (Carlisle, 
PA) and maintained on artificial diet supplied by the company. 350 or 500 ng CypHer-
5E-labeled dsRNA was injected or fed to S. frugiperda larva, respectively. At 6 hr after 
injection/feeding, the midgut and fat body tissues were dissected from the larvae and 
fixed with 4% paraformaldehyde. The tissues were mounted on slides with EverBrite 
mounting medium containing DAPI (Biotium) and observed under a confocal microscope 
(Olympus FLUOVIEW FV1000) at 60x magnification. 
Pharmacological inhibitors study  
Sf9 cells were seeded in the chamber slide. Bafilomycin-A1 and Amantadine 
were purchased from Sigma Aldrich (St Louis, MO, USA) and dissolved in dimethyl 
sulfoxide (DMSO) and distilled water, respectively. After pre-incubation with 20 nM 
Baf-A1 for 30 minutes, 100 ng of CypHer-5E- labeled dsRNA was added to the medium. 
50 μg/ml of amantadine was added to the medium and 1 hr after addition of the inhibitor, 
100 ng of CypHer-5E- labeled dsRNA was added to the medium. After 1 hr, the cells 
were washed multiple times with 1x PBS and fixed with 4% paraformaldehyde solution. 
The cells were mounted with EverBrite mounting medium containing DAPI (Biotium). 
 94 
Cells were examined under a confocal microscope using excitation filter 648 nm to 
visualize CypHer-5E.  
 Early and Late endosome fusion protein expression 
For making EGFP fusion protein constructs, Ac5-STABLE1-Neo multicistronic 
vector 34 was used. The1082 bp of the IE1 promoter with Hr5 enhancer sequence was 
inserted at the KpnI site of the vector for expression of the fusion protein in lepidopteran 
cells. The Rab7 (627 bp) and Rab4B (645 bp) genes were PCR amplified from cDNA 
prepared using RNA isolated from Sf9 cells as a template and cloned at the C-terminal 
end of EGFP using HindIII and BamHI sites. 250 ng of purified plasmid was transfected 
into 1 x 105 Sf9 cells that were seeded in eight-well chamber slides (Lab-Tek). Cellfectin 
II and PLUS reagent (Invitrogen) were used for transfection following the procedures 
outlined in the manufacture instructions. At 48 hr post transfection, the cells were 
exposed to 100 ng of CypHer-5E labeled dsRNA for 2 hr. The cells were washed three 
times with 1x PBS buffer, fixed with 4% paraformaldehyde and mounted in EverBrite 
mounting medium containing DAPI (Biotium). Cells were examined under a confocal 
microscope at 60X magnification using the EGFP filter for the fusion protein, excitation 
filter at 648 nm for CypHer-5E visualization.    
Double labeling with Lysotracker and CypHer-5E labeled dsRNA 
The LysoTracker Green DND-26 (Invitrogen) dye (50 nM) was added to the 
medium containing 1 x 105 Sf9 cells seeded in eight-well chamber slides. One hr after 
addition of LysoTracker, 100 ng CypHer-5E labeled dsRNA was added to the medium. 
After incubation for an additional 2 hr, the cells were fixed, mounted and imaged under a 
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confocal microscope with excitation filters at 488 nm and 648 nm to detect green and red 
dyes, respectively.  
Confirmation of internalized CypHer-5E labeled dsRNA   
Sf9 cells were seeded in 24-well plates. Next day, the medium was replaced with 
the fresh medium containing 200 ng of dsGFP unlabeled, fluorescein-labeled or CypHer-
5E-labeled was treated into the wells with fresh medium. After 3 hr incubation, the cells 
were washed with 1x PBS two times and total RNA was isolated. The fluorescence in the 
samples was quantified using SpectraMax® i3x multi-mode microplate reader (Molecular 
Devices, Sunnyvale, CA, USA) set at Ex/Em 645/670 nm. 
Statistical Analysis 
To analyze the ratio between the EGFP fusion protein expression and CypHer5E 
labeled dsRNA expression, and the confirmation of internalized CypHer-5E labeled 
dsRNA assay, a Student's t-test was used. A P-value of 0.05 or less between groups was 
considered as a significant difference.  
Results  
Intracellular transport of dsRNA   
Previously, we studied the intracellular transport of CypHer-5E-labeled dsRNA 
using a confocal microscope at two different time points (30 min and 60 min) and have 
shown the accumulation of dsRNA in acidic bodies inside Sf9 cells (Shukla et al., 2016). 
In the current study, employing time-lapse imaging, we detected the uptake of dsRNA by 
Sf9 cells within 5 min after the addition of CypHer-5E-labeled dsRNA (Fig. 4.1). An 
increase in the number and intensity of CypHer-5E-labeled dsRNA containing acidic 
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bodies was detected at 10 and 20 min after the addition of dsRNA (Fig. 4.1). 
Accumulation of green bodies containing fluorescein-labeled dsRNA was detected on the 
plasma membrane of Sf9 cells at 1 min after the addition of fluorescein-labeled dsRNA 
(Fig. 4.2). The accumulation of fluorescein-labeled dsRNA in the bodies inside the cells 
was detected within 10 min after the addition of fluorescein-labeled dsRNA. Within 20 
min after addition of dsRNA, the number and intensity of green bodies inside the cells 
increased (Fig. 4.2). Exposure of Sf9 cells simultaneously to both CypHer-5E- and 
fluorescein-labeled dsRNAs showed red bodies containing CypHer-5E-labeled dsRNA 
within 5 min after the addition of dsRNA and green bodies containing fluorescein-labeled 
dsRNA within 10 min after the addition of dsRNA (Fig. 4.3). As a negative control, when 
CypHer-5E dye alone was added to the Sf9 cells no accumulation of this dye inside the 
cells was observed (Fig. 4.4). In addition to that, we checked possibility that the 
aminoallyl labeling dsRNA synthesis could affect the efficiency of dsRNA delivery. We 
tested the RNAi efficiency of both CypHer-5E and fluorescein-labeled dsRNAs in 
Colorado potato beetle cell line (Lepd-SL1 cells) and both dsRNAs can induce the 
knockdown of the target gene, suggesting that modification (aminoallyl labeling) on 
dsRNA is not affecting the functional/structural properties of dsRNA (unpublished data).  
Accumulation of labeled dsRNA in acidic bodies in the midgut and fat body   
To determine whether or not the accumulation of dsRNA occurs in vivo, CypHer-
5E-labeled dsRNA was injected or fed to S. frugiperda larvae. The midgut (A) and fat 
body (B) tissues dissected from S. frugiperda larvae injected (Fig. 4.5) or fed (Fig. 4.6) 
on CypHer-5E-labeled dsRNA showed red acidic granules similar to the granules 
observed in the Sf9 cells. 
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Identification of dsRNA uptake pathway 
Pharmacological inhibitors were used to determine which endocytosis pathway 
the dsRNA follows to enter Sf9 cells. When Sf9 cells were pretreated with amantadine, 
which blocks the budding of clathrin-coated vesicles, the CypHer-5E-labeled dsRNA was 
trapped in the outer membrane (Fig. 4.7). Sf9 cells were pretreated with bafilomycin A1 
(which blocks the V-ATPase proton pump) showed fewer CypHer-5E-labeled dsRNA 
containing acidic bodies compared those in the cells that were not exposed to bafilomycin 
A1 (Fig. 4.7). These data suggest that the labeled dsRNAs may use clathrin-medicated 
endocytosis and pass through the endosomal pathway. 
Confirmation of the presence of CypHer-5E-labeled dsRNA in the cells 
To determine whether CypHer-5E-label stays with the dsRNAs after the dsRNAs 
are transported into, and within cells, we exposed Sf9 cells to CypHer-5E-labeled dsRNA 
for 3 hr after washing the cells, total RNA was isolated, and the amount of CypHer-5E-
label in the total RNA was quantified. As shown in Figure 8, fluorescence was detected 
in total RNA isolated from Sf9 cells exposed to CypHer-5E-labeled dsRNA but not in 
total RNA isolated from control cells. These data suggest that CypHer-5E-label stays 
with RNA after transport of dsRNAs into and within Sf9 cells. In addition to this assay, 
we performed another experiment to demonstrate that the dye can't simply attach itself to 
purified RNA post-extraction. We confirmed that the dye added to the RNA extraction 
mix did not increase fluorescence in RNA extracted suggesting that dye alone cannot 
bind to total RNA (unpublished data).   
 98 
Labeled dsRNAs accumulate in endosomes 
We examined the possibility of accumulation of CypHer-5E-labeled dsRNA in 
the endosome using an EGFP::Rab7 (late endosomal marker) and EGFP::Rab4B (early 
endosomal marker) fusion protein constructs. Expression of EGFP::Rab7 in Sf9 cells 
followed by exposure of these cells to CypHer-5E-labeled dsRNA showed overlapping 
green and red signals suggesting localization of CypHer-5E-labeled dsRNA in late 
endosomes marked with EGFP::Rab7 fusion protein (Fig. 4.9). A comparison of 
EGFP::Rab7 labeled green bodies and CypHer-5E-labeled dsRNA containing red bodies 
from multiple cells (N=20) showed that 47% of green signals overlapped with CypHer-
5E-labeled dsRNA containing red bodies. Also, 89% of CypHer-5E-labeled dsRNA 
containing red bodies overlapped with EGFP::Rab7 labeled green bodies. Expression of 
EGFP::Rab4B fusion protein in Sf9 cells followed by exposure of these cells to CypHer-
5E-labeled dsRNA also showed the overlap of green and red signals (Fig. 4.10). A 
comparison of EGFP::Rab4B labeled green bodies and CypHer-5E-labeled dsRNA 
containing red bodies from multiple cells (N=20) showed that approximately 76% of 
dsRNA containing red bodies overlapped with EGFP::Rab4 labeled endosomes. Also, 
about 44% EGFP::Rab4 labeled endosomes overlapped with CypHer-5E-labeled dsRNA 
containing red bodies. These data suggest that the dsRNA may pass through or 
accumulate in early endosomes. 
Labeled dsRNA dsRNAs do not accumulate in lysosomes 
We further investigated into potential accumulation sites of the internalized 
dsRNAs. Since the dsRNA went through the endosomal pathway, we first investigated 
the terminal site of this pathway, the lysosomes, using a lysosome marker, LysoTracker. 
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Treating Sf9 cells with LysoTracker followed by CypHer-5E-labeled dsRNA showed no 
co-localization of LysoTracker (green) and CypHer-5E-labeled dsRNA signals (Fig. 
4.11), suggesting that dsRNA may not accumulate in lysosomes. 
Discussion 
In the current study, we employed CypHer-5E and fluorescein-labeled dsRNAs to 
monitor the transport of labeled dsRNA into and inside Sf9 cells and S. frugiperda larval 
midgut and fat body. Fluorescein is a green-excitable, pH-sensitive dye that shows the 
minimum fluorescence at acidic pH and the maximum fluorescence at basic pH 90.  In 
contrast, CypHer-5E is a red-excitable, pH-sensitive cyanine dye derivative that shows 
the maximum fluorescence at acidic pH and the minimum fluorescence at basic pH (GE 
Healthcare Life Sciences CypHer-5E brochure). Using these pH-sensitive dyes labeled 
dsRNAs, we detected CypHer-5E labeled dsRNAs at 5 min after exposure to Sf9 cells 
when they are likely passing through acidic early endosomes (Fig. 4.1). By 10-15 min 
after exposure, the CypHer-5E labeled dsRNAs reached late endosomes and accumulated 
in them. The fluorescein-labeled dsRNAs also accumulated in these cells. Also, fed or 
injected CypHer-5E labeled dsRNAs accumulated in larval midgut and fat body cells 
with a similar pattern observed in Sf9 cells. These data suggest that the dsRNAs can enter 
Sf9 as well as larval midgut and fat body cells but, they are accumulated in acidic bodies. 
Therefore, they may not be available for further processing and interference of target 
gene expression resulting in inefficient RNAi reported in many lepidopteran insects 24. 
Transport of 32P labeled dsRNAs into Sf9 as well as larval midgut and fat body cells but 
not their processing into siRNA has been reported recently. The data included in this 
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paper and the previous report 31 support the conclusion that dsRNAs enter lepidopteran 
cells but are accumulated in the acidic bodies, and therefore, not available for RNAi.  
Stability of injected/fed dsRNA in insect body is one of the major factors 
influencing RNAi efficiency in insects. It has been identified that dsRNases in midgut 
and hemolymph are the key factors that reduces dsRNA stability in Lepidoptera and other 
insects: especially lepidopterns have stronger dsRNase effect than others 31 91. Our in vivo 
study showed that some of the dsRNAs which overcome the degradation by dsRNases 
are successfully delivery into cells but the dsRNAs are eventually entrapped in the 
endosomes. Since we found the labeling dsRNA in fat body and midgut, we further 
investigated the systemic RNAi possibility via hemolymph.  We collected hemocytes 
from the hemolymph of S.frugiperda larva to check the presence of labeling dsRNA in 
the hemocytes as a clue for systemic RNAi. We detected the labeling dsRNAs in 
hemocytes and this result suggests the possibility that a fraction of fed dsRNA can be 
reached out to other tissues including the midgut and fat body via hemolymph. We 
assumed the possible pathways of systemic RNAi in S.frugiperda larva as a tranepithelial 
transport or a plasma membrane reticular system present in the midgut cells. The major 
contribution of the current studies is the identification of dsRNA accumulating acidic 
bodies as the endosomes. RNA interference is a conserved gene silencing mechanism 
across almost all eukaryotic organisms from insects to humans. Although there are 
different triggers such as dsRNA in insects and single-stranded siRNA in humans, the 
basic mechanisms of RNAi appear to be fairly similar. In humans, siRNAs are being 
developed as therapeutics to block synthesis of disease-causing proteins, and some of the 
products are in clinical trials 92. Endosomal trapping of siRNA appears to be the main 
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roadblock to the progress of RNAi therapeutics development 92. Fusogenic lipids, pH-
sensitive lipoplexes, pH-sensitive polyplexes, fusogenic proteins, and photosensitive 
molecules are being developed to increase the efficacy of siRNA-mediated gene silencing 
in humans 93 92. However, endosomal entrapment of dsRNAs in insects has not been 
reported previously. The data included in this paper showed that similar to siRNAs in 
human, the dsRNAs are also accumulated in insect endosomes. Similar to the situation in 
use of RNAi in medicine, endosomal entrapment is a major hurdle for widespread use of 
RNAi in the agricultural application. 
In C.elegans, dsRNA-selective dsRNA-gated channel systemic deficient-1 (SID-
1) and other proteins help in transport of dsRNA into cells 18 20 92. Studies in insect cells 
suggest that scavenger receptor-mediated endocytosis may be one of the major routes for 
the transport of dsRNAs into cells. Our data from inhibitor studies suggest that clathrin-
mediated pathway through endosomes is the major route used by Sf9 cells for transport of 
dsRNA into and within these cells. SID-like genes have been identified in the genomes of 
many insects. For example, three genes similar to sid-1 have been identified in the 
genome of T. castaneum. However, none of these genes seem to be essential for systemic 
RNAi in this insect. We recently identified two sid-like genes in Leptinotarsa 
decemlineata, knockdown of these genes decreased RNAi efficiency in L. decemlineata 
cell line, Lepd-SL1 68. Another recent study in L. decemlineata also showed the 
requirement of SIL-A and SIL-C for successful RNAi 33. Previous studies showed that 
overexpression of C.elegans SID-1 improved RNAi efficiency in Sf9 94 and Bombyx mori 
cells 95. Interestingly, the SID-1 homologue identified in migratory locust is not required 
for RNAi and expression of this gene in S2 cells did not enhance dsRNA uptake 25. 
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Whether SILs identified in insects are involved in dsRNA uptake into insect cells remains 
to be resolved. 
Despite that orally delivered dsRNAs are taken up by cells in lepidopteran insects, 
knockdown of the target gene is still not very efficient. Our recently published results 31 
and those included in this paper demonstrated that the dsRNA taken up by lepidopteran 
cells are trapped in the endosomes. Therefore, the dsRNAs are not available for 
processing to siRNA and silencing the target gene. This finding brings up a hypothetical 
idea that entrapment of dsRNAs in endosomes could be the evolutionary selective 
advantage of sequestering exogenous RNA/RNA virus within the endomembrane system 
for lepidopteran insects as an immune system. This is because RNAi has been found to 
act as an antiviral immune response system in insects and thus those immune response 
related genes were up-regulated with introduction of exogenous dsRNA 46.  
Although the RNAi-based products are under development for applications in 
insect pest and disease vector control, very little is known on the uptake and intracellular 
transport of dsRNA. The data included in this paper for the first time conclusively 
showed that the endosomal entrapment of dsRNA is one of the main reasons for 
inefficient RNAi in lepidopteran insects. Armed with this knowledge on the uptake and 
intracellular transport of dsRNA in cells, we should be in a good position to develop 
methods for efficient uptake and endosomal escape of dsRNA in insects. Some previous 
studies in insects examined approaches to enhance RNAi by improving delivery of 
dsRNA, reviewed recently by Joga et al., 96: examples include chitosan 97, carbon 
quantum dot (CQD) 98, and a cationic core-shell fluorescent nanoparticle (FNP) 99  
mediated delivery of dsRNA. Although dsRNAs are entrapped in endosomes, there might 
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be ways to bypass the endosomal pathway. A good example of bypassing the endosomal 
pathway would be the use of the liposome-mediated delivery method. Transfection 
reagents such as Lipofectamine 2000 and Cellfectin were also used to help facilitate 
uptake of the dsRNA by feeding encapsulating exogenous dsRNAs to 4 species of 
Drosophila (D.melanogaster, D.sechellia, D.yakuba, and D.pseudoobscura) 23.For 
developing pest management methods, especially for controlling lepidopteran insects, 
endosomal entrapment appears to be a major hurdle to overcome. Understanding the 
endosomal entrapment and finding ways to overcome this hurdle need further 
investigation. The knowledge gained from these studies could help in the development of 
methods to improve RNAi efficiency in major insect pests. 
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Table 4.1. The list of the primers used to make Rab7 and Rab4 expression constructs. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Primer Name Sequence (5’-3’) 
Sf9_Rab7-HindIII-FP CCCAAGCTTACCACCGCATCGTCGAGAAAAAAGGCACTA 
Sf9_Rab7-BamHI-RP CGCGGATCCTCAGCAAGCACAGTTGTCACCATCCCTG 
Sf9_Rab4B-HindIII-FP CCCAAGCTTACCACCGCATCTGAATCCTACGAATACTTG 
Sf9_Rab4B-BamHI-RP CGCGGATCCTTATACATGGCAGGCACAATC 
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Figure 4.1.Time-lapse imaging of transport and accumulation of CypHer-5E-labeled 
dsRNA in Sf9 cells. Live cells were exposed to 100 ng of CypHer-5E-labeled dsRNA. 
The images were captured under the Nikon A1R, a point scanning confocal microscope. 
Photographs were taken at 1, 5, 10 and 20 minutes after the addition of CypHer-5E-
labeled dsRNA. The scale bar is 10 μm. 
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Figure 4.2. Time-lapse imaging of transport and accumulation of fluorescein-labeled 
dsRNA in Sf9 cells. Live cells were exposed to 1000 ng of fluorescein-labeled dsRNA. 
The images were captured under the Nikon A1R, a point scanning confocal microscope at 
1, 5, 10 and 20 minutes after the addition of fluorescein-labeled dsRNA. The scale bar is 
10 μm. 
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Figure 4.3. Time-lapse imaging of transport and accumulation of CypHer-5E and 
fluorescein-labeled dsRNA in Sf9 cells. Live cells were exposed to 100 ng of CypHer-5E 
and 1000 ng of fluorescein-labeled dsRNAs. The images were captured under the Nikon 
A1R, a point scanning confocal microscope at 1, 5, 10 and 20 minutes after the addition 
of a mixture of dsRNAs. The scale bar is 10 μm. 
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Figure 4.4. Time-lapse imaging of transport and accumulation of CypHer-5E dye in Sf9 
cells. Live cells were exposed to 500 ng of CypHer-5E dye. The images were captured 
under the Nikon A1R, a point scanning confocal microscope at 1, 5, 10 and 20 minutes 
after the addition of CypHer-5E dye. The scale bar is 10 μm. 
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Figure 4.5. Injected CypHer-5E-labeled dsRNA accumulates in the midgut (A) and Fat 
body (B) of Spodoptera frugiperda larva. 350 ng of CypHer-5E-labeled dsRNA was 
injected into S. frugiperda larvae. At 6 hr after injection, the midgut and fat body tissues 
were dissected and fixed with 4% paraformaldehyde and mounted on slides using an 
EverBrite mounting medium containing DAPI. Tissues were visualized under a confocal 
microscope. Photographs were taken at 60X magnification under blue (DAPI) and red 
(Alexa 648 for CypHer-5E-labeled dsRNA). Merged images of CypHer5E and DAPI, as 
well as bright field images, are shown. 
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Figure 4.6. Fed CypHer-5E-labeled dsRNA accumulates in the midgut (A) and Fat body 
(B) of Spodoptera frugiperda larva. 500 ng of CypHer-5E-labeled dsRNA was added to 
the diet and provided to S. frugiperda larvae. At 6 hr after feeding, the midgut and fat 
body tissues were dissected and fixed with 4% paraformaldehyde and mounted on slides 
using a staining solution containing DAPI. Tissues were visualized under a confocal 
microscope. Photographs were taken at 60X magnification under blue (DAPI) and red 
(Alexa 648 for CypHer-5E-labeled dsRNA). Merged images of CypHer5E and DAPI, as 
well as bright field images, are shown. 
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Figure 4.7. Pharmacological inhibitors identified potential dsRNA transport pathway. 1x 
105 Sf9 cells/well were seeded in eight-well chamber slides. After pre-incubation with 20 
nM Bafilomycin A1 or 50 ng/ml of Amantadine for 1 hr, 100 ng of CypHer-5E-labeled 
dsRNA was added to the medium. After 1 hr incubation, the cells were fixed with 4% 
paraformaldehyde and mounted on slides using an EverBrite mounting medium 
containing DAPI. Photographs were taken using a confocal microscope at 60X 
magnification under fluorescent and a bright field. The scale bar is 10 μm.  
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Figure 4.8. Detection of internalized CypHer-5E-labeled dsRNAs in Sf9 cells. The Sf9 
cells were seeded in 24-well plates. Next day, the medium was replaced with fresh 
medium containing 200 ng unlabeled, fluorescein-labeled or CypHer-5E-labeled dsGFP. 
After 3 hr incubation, the cells were washed with 1x PBS and total RNA was isolated. 
The presence of fluorescence in the total RNA was quantified in SpectraMax® i3x multi-
mode microplate reader (Molecular devices) at Ex/Em 645/670 nm settings. The 
fluorescence readings were normalized to the concentration of total RNA used.  
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Figure 4.9. EGFP::Rab7 fusion protein is localized to late endosomes 1x 105 Sf9 
cells/well were seeded in eight-well chamber slides. The next day, the cells were 
transfected with EGFP::Rab7 fusion constructs. At 48 hr after transfection, 100 ng of 
CypHer-5E-labeled dsRNA was added to the medium. After 2 hr of incubation, the cells 
were fixed and mounted in an EverBrite mounting medium containing DAPI. Cells were 
visualized under a confocal microscope. Photographs were taken at 60X magnification 
under blue (DAPI), green (EGFP) and red (Alexa 648; CypHer-5E-labeled dsRNA) 
filters. The scale bar is 10 μm 
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Figure 4. 10. EGFP::Rab4B fusion protein is localized to early endosomes 1x 105 Sf9 
cells/well were seeded in 8-well chamber slides. The next day, the cells were transfected 
with EGFP::Rab4B fusion constructs. At 48 hr after transfection, 100 ng of CypHer-5E-
labeled dsRNA was added to the medium. After 2 hr of incubation, the cells were fixed 
and mounted in an EverBrite mounting medium containing DAPI. The cells were 
visualized under a confocal microscope. Photographs were taken at 60X magnification 
under blue (DAPI), green (EGFP) and red (Alexa 648; CypHer-5E-labeled dsRNA) 
filters. The scale bar is 10 μm. 
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Figure 4. 11. Double labeling of Sf9 cells with LysoTracker and CypHer-5E-labeled 
dsRNA 1x 105 Sf9 cells were seeded in a glass bottom dish. On the next day, the cells 
were pretreated with 50 nM LysoTracker for 1 hr. Then the cells were exposed to 100 ng 
CypHer-5E-labeled dsRNA for an additional 1 hr. Photographs were taken using a 
confocal microscope at 60X magnification under Alexa488 (LysoTracker) and Alexa648 
(CypHer-5E-labeled dsRNA) filters. The scale bar is 10 μm. 
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Chapter 5. RNA Interference in the Twospotted Spider Mite, Tetranychus 
urticae (Acari: Tetranychidae) 
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Summary 
RNA interference (RNAi) technology is being developed for pest management. 
In this study, we conducted experiments to identify target genes that could be used for 
development of RNAi-based methods to control twospotted spider mite 
(TSSM), Tetranychus urticae. The TSSM is a worldwide polyphagous pest due to its 
unique physiological and behavioral characteristics including extraordinary ability to 
detoxify a wide range of pesticides and feed on many host plants. Leaf disc feeding 
assays revealed that knockdown in the expression genes coding for proteins involved in 
the biosynthesis and action of juvenile hormone (JH) and action of ecdysteroids 
[Methoprene-tolerant (Met), retinoid X receptor β, farnesoic acid O-methyltransferase, 
and CREB-binding protein] caused 35-56% mortality. Transgenic tobacco plants 
expressing hairpin dsRNA targeting Met gene coding for a JH receptor were generated 
and tested. About 48% mortality was observed in TSSM raised on transgenic tobacco 
plants expressing dsMet. These studies not only broaden our knowledge on understanding 
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hormone action in TSSM but also provide the first glimpse of targeting genes involved in 
JH biosynthesis and action to control TSSM. 
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Introduction  
The twospotted spider mite (TSSM),Tetranychus urticae, is among the most 
common cosmopolitan agricultural and garden polyphagous pests100. Once the population 
becomes dense, conventional pest management approaches, such as biological and 
chemical control, often fail to provide relief101. These mites have a remarkable ability to 
quickly develop resistance to toxicants, giving them a greater opportunity to survive on a 
wide range of host plants and exposure to pesticides102. Also, physiological and 
behavioral characteristics such as a short life cycle, haploid-diploid sex determination, 
high fecundity, web-spinning behavior, and residing on the underside of leaves have 
made TSSM control much more complicated100.  
 In Arthropods, crosstalk between ecdysteroids and juvenile hormones regulates 
growth, differentiation, and reproduction by binding to functional heterodimers that form 
receptors for these hormones103. In insects, 20-hydroxyecdysone binds to a heterodimer 
of ecdysone receptor (EcR) and ultraspiracle (USP, a homolog of the vertebrate retinoid-
X receptor, RXR)103,104. In crustaceans, a heterodimer of EcR and RXR functions as a 
ecdysteroid receptor104,105. Methoprene-tolerant (Met) is known for its anti-metamorphic 
function and has been established as a JH receptor103. Besides, the steroid receptor co-
activator, SRC is also required for JH signal transduction106. CREB-binding protein 
(CBP) is known to regulate multiple signaling pathways107 and interacts with SRC108.   
 In 1976, farnesol, a juvenile hormone (JH) precursor, was detected in whole body 
homogenates of the deutonymph of TSSM using thin layer chromatography, ultraviolet 
light analysis, and gas chromatography (GC)-MS109. Recently, genes involved in 
ecdysteroid and JH biosynthesis and action were identified in TSSM110. Due to the lack 
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of CYP306A1 and CYP18A1 genes, which encode the biosynthetic enzymes, C25 
hydroxylase, and a C26 hydroxylase/oxidase respectively, it has been suggested that the 
TSSM may use the ecdysteroid, 25-deoxy-20-hydroxyecdysone (ponasterone A, Pon A), 
as the major molting hormone. This hypothesis was confirmed by biochemical analysis of 
TSSM extracts using HPLC, enzyme immunoassay and liquid chromatography/mass 
spectrometry (LC-MS)110. Similarly, the absence of CYP15A in the TSSM genome led to 
a suggestion that methyl farnesoate (MF) could serve as the functional JH5. Farnesoic 
acid O-methyltransferase (FaMet) is the key enzyme involved in catalyzing the final step 
in the MF biosynthetic pathway in crustaceans111,112. Limited information is available on 
the identity of ecdysteroids and juvenile hormones and their receptors in TSSM. 
 RNA interference (RNAi), a post-transcriptional gene silencing mechanism, plays 
an important role in studies aimed at elucidating the function of genes. In TSSM two 
RNAi methods have been demonstrated thus far to deliver the double-stranded RNA 
(dsRNA): an injection into adult females and eggs, and a leaf-disc feeding assay113,114. 
Injecting Distal-less dsRNA into TSSM female adults showed that Distal-less phenotype 
is maternally inherited113. The feeding dsRNA method was shown to be a viable method 
inducing mortality after feeding on leaf discs treated with dsRNA targeting four known 
lethal genes in TSSM114, demonstrating the possibility of leaf disc-mediated systemic 
delivery of dsRNA. Lately, Suzuki and his colleagues established five different methods 
to deliver dsRNA to TSSM: leaves floating on a dsRNA solution, dsRNA-expressing 
plants, an artificial diet supplemented with dsRNA, or dsRNA-coated leaves, and mite 
soaking in dsRNA solution115.   
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The goal of the current study is to identify genes involved in hormone 
biosynthesis and action and explore their use as RNAi targets in the TSSM. The bean-leaf 
disc assay was performed to investigate the feeding RNAi effect of eight candidate genes. 
As a practical application method, transgenic tobacco plants expressing one of the genes, 
Met, were produced and tested. We also tested JH analogs to determine their effect on 
TSSM. This information helps in understanding TSSM physiology and lays a foundation 
for the development of RNAi-based methods to control this pest.  
Results and Discussion 
1. Identification of target genes for RNAi-based control of TSSM  
From the BOGAS website, we retrieved sequences of eight genes, including 
TuMet (tetur18g03530), TuSRC (tetur41g00280), and FaMet (tuter13g03250), TuEcR 
(tetur01g15140), TuRXR1 (tetur31g01930), TuRXR2 (tetur01g09240), TuRXR β 
(tetur01g09220), and TuCBP (tuter07g03920) coding for proteins involved in 
biosynthesis and action of JH and action of ecdysteroids (Table 5.1). Gene-specific 
primers based on these sequences and DNA isolated from TSSM were used to amplify 
400-600 bp fragment of each gene (Table 5.2). The PCR products were then used to 
synthesize dsRNAs, and the dsRNAs were screened in bean leaf disc assay. The bean leaf 
disc assay developed by Kwon et al. 2013114 was modified and used to screen candidate 
genes (Fig. 5.1). Nuclease-free water and dsRNA targeting a fragment of the gene coding 
for green fluorescent protein (GFP) dsRNA were used as negative controls to check the 
undesirable effects of treatment and dsRNA on TSSM. Approximately, 10% and 
20.0~22.5% mortality was observed in control TSSM treated with nuclease-free water 
and GFP dsRNA, respectively. Among the dsRNAs tested, dsTuMet, dsTuCBP, 
 121 
dsTuRXR β, and dsTuFaMet caused significantly higher mortality compared to the 
dsGFP control (Fig. 5.2). Most of the mortality caused by knockdown of TuMet, TuCBP, 
TuRXR β, and FaMet occurred during the last molting stage (Fig. 5.2). Knockdown 
efficiency was determined in TuMet-fed deutonymphs, prior to the last molt stage. This 
stage was selected because most of the TSSM died during the last molting stage (Fig. 5.3). 
Feeding dsMet caused about 50% reduction in Met mRNA levels (Fig. 5.3). These data 
suggest that Met, CBP, RXR β, and FaMet are required for successful completion of 
development and molting in TSSM and these genes could serve as target sites for 
development of RNAi-based methods to control this pest. 
Sequencing of the TSSM genome and further studies provided important insights 
into biosynthesis and action of two major hormones, ecdysteroids and juvenile hormones. 
PonA and MF have been proposed as the major ecdysteroid and JH, respectively. 
However, not much is known about the action of these hormones especially on the 
receptors that transduce hormonal signals. The methoprene-tolerant has been identified as 
a JH receptor in insects. It is possible that spider mites may use Met as an MF receptor 
since chemical structures of JH and MF are nearly identical, except the absence of an 
epoxide group116. Several recent studies suggested that crustaceans which mainly 
synthesize the sesquiterpenoid, methyl farnesoate use Met as a receptor for MF117,118. 
Since silencing of Met gene caused significant mortality during molting of TSSM, it is 
possible that these mites use Met as a receptor for MF. Interestingly, silencing of 
TuFaMet, an enzyme involved in MF biosynthesis, also induced mortality of mites 
confirming previous findings on the role of MF as a major JH in these mites. In insects, 
homologs of steroid receptor co-activator (SRC) play essential roles in both JH and 20E 
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action119. Silencing of SRC homolog in TSSM did not cause significant mortality 
suggesting that SRC homolog we tested is not essential in TSSM development. However, 
further studies are required to determine if there are other homologs of SRC in TSSM. 
Cyclic AMP response binding protein interacts with multiple transcription factors and 
other proteins that regulate many developmental processes in insects and other animals. 
Interestingly, knockdown of CBP gene caused significant mortality in TSSM suggesting 
that some of the functions of CBP especially its role in JH action recently shown in 
insects is conserved in TSSM120,121. RXR homolog in insects, ultraspiracle, is an essential 
partner for EcR in transduction of 20-hydroxyecdysone signals in insects. Knockdown of 
TSSM RXR β also caused significant mortality (Fig. 5.2). Knockdown of RXR β but not 
RXR1 and RXR2 caused significant mortality in TSSM suggesting that RXR β is 
essential for TSSM development. Whether RXR β is required for PonA action or some 
other function in TSSM requires further studies. Lack of mortality after EcR knockdown 
is also intriguing and requires further investigation. Taken together, the data included 
here confirmed MF as a major juvenile hormone and Met as a receptor that transduces 
MF signals. These studies also identified Met, CBP, RXR β, and FaMet as potential 
targets for the development of RNAi-based methods for controlling TSSM.            
2.  Production and testing of transgenic tobacco plants  
 Among the four genes whose silencing resulted in significant mortality in the 
bean leaf disc assay, TuMet was chosen for testing in transgenic plants. A TuMet dsRNA 
expressing transgenic tobacco plants and the control transgenic plants expressing an 
empty vector were produced. RNA isolated from transgenic plants and analyzed by qRT-
PCR showed the expression of TuMet RNA in transgenic plants but not in control plants 
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(Fig. 5.4A). These plants were evaluated in TSSM bioassays. About 48% mortality was 
detected in the TSSM growing on TuMet transgenic plants compared to 10% mortality 
detected in the TSSM on control plants expressing only vector (Fig. 5.4B). These data 
confirm results obtained in leaf disc bioassay and demonstrate the feasibility of delivering 
dsRNA to TSSM through expression in plants. Poor RNAi efficiency was observed in 
several feeding assay methods tested in TSSM so far. The methodology/delivery of 
dsRNA, physiology of TSSM with the highly effective excretory system, and frequent 
molting during development may have contributed to a decrease in effectiveness of RNAi 
in TSSM. Delivering dsRNA to target organisms is one of the challenges associated with 
developing RNAi-based pest control methods. Some of the approaches that are being 
developed are expression and delivery through transgenic plants, spraying, soil 
application or trunk injections of dsRNA synthesized in vitro or microorganisms 26,9,122. 
Several previous studies demonstrated successful delivery of dsRNAs to target insects 
after their expression in plants 26,122,7. When economical and acceptable to the public this 
may be the desirable method of delivery of dsRNA to TSSM. Other methods including 
spray or soil application of dsRNA synthesized in vitro or microorganisms should also be 
explored for TSSM control. 
3. Juvenile hormone analogs for TSSM control 
Since knockdown of genes involved in JH biosynthesis and action caused 
mortality in TSSM, we evaluated JH analogs (JHA) for their potential to control TSSM. 
Insect growth regulators, especially JHAs, have been widely used to control mosquitoes, 
scale insects, and mealybugs123,124. Here, we tested kinoprene, pyriproxyfen, and 
hydroprene to see whether any of them cause mortality in TSSM. Treatment with 
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kinoprene caused significant mortality (88.5%) and blocked development. In contrast, 
treatment with different concentrations of pyriproxyfen and hydroprene was not effective 
in blocking development or causing mortality of TSSM (Table 5.3). In the case of 
kinoprene, mites mostly died during the first instar and did not reach the first molt. Insect 
growth regulators are widely used for controlling pests all over the world. Very few 
studies have been performed to determine the effect of JHA on the TSSM. Only one 
study showed the effectiveness of JHA on TSSM, CGA 29'170 and ZR-777 
(kinoprene)125. Kinoprene in this study showed potent ovicidal effects and caused high 
mortality during postembryonic stages of TSSM125. Our results confirm these previous 
studies where 0.15% ZR-777 caused above 60% mortality on day two and 80% mortality 
on day four after treatment125. The mortality observed in our experiment was around 
60~80% on day two after treatment which confirms the previous report. Previous studies 
identified methoprene as the most effective JHA for Aedes aegypti 126 and hydroprene as 
the most effective one for Tribolium castaneum 127. Significant differences in the 
effectiveness of three JHAs against TSSM is interesting (Table 5.2.). Taken together 
these data suggest that there is some specificity in JHA activity in different arthropods. 
Whether or not the difference in JHA activity is due to differences in Met protein among 
these arthropods remains to be investigated. The data included in the paper not only 
broaden our knowledge on hormone action in TSSM but also provide the first glimpse of 
targeting genes involved in JH action to control TSSM.   
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Materials and Methods 
Twospotted spider mites 
 Twospotted spider mites were obtained from a colony maintained on red kidney 
bean (Phaseolus vulgaris) in John Snyder's lab at the University of Kentucky 128. The 
TSSM were reared in a fume hood maintained at 23°C and 55 ± 5% relative humidity. 
Target genes from TSSM genome database 
 The nucleotide sequences of putative hormone receptors and other genes (Met, 
SRC, EcR, RXR1, RXR2, RXR_beta, FaMet, and CBP) were obtained from the BOGAS 
website (http://bioinformatics.psb.ugent.be/orcae/annotation/Tetur).   
Total RNA extraction, PCR and Quantitative real-time PCR (qRT-PCR)  
 Total RNA was isolated from deutonymphs using the TRI reagent (Molecular 
Research Center Inc., Cincinnati, OH). The RNA was treated with DNase I (Ambion Inc., 
Austin, TX). cDNAs were synthesized using M-MLV reverse transcriptase (Clontech 
Laboratories) followed by DNase I treatment to eliminate DNA.  PCR amplifications 
were conducted in 20 μl reactions with 5 μM primers each, 10 μl of 2x Taq premix 
(Promega) and 20 ng of template. PCR conditions were 94̊C for 3 min 50s, followed by 
35 cycles of 94 ̊C for 30s, 55 ̊C for 30s and 72 ̊C for 1 min, finishing with an extension 
step at 72 ̊C for 10 min. PCR products were purified using the QIAquick PCR 
purification kit (QIAGEN). The purified PCR products were used as templates to 
synthesize dsRNAs. The qRT-PCR was performed in Applied Biosystems 
StepOnePlus™ Real-Time PCR System (Life technologies™, Carlsbad, CA). Each qRT-
PCR reaction (10 μl final volume) contained 5 μl FastStart SYBR Green Master (Roche 
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Diagnostics, Indianapolis, IN), 1.0 μl of cDNA, 3.6 μl ddH2O, and 0.6 μl each of forward 
and reverse gene specific primers. An initial incubation of 95°C for 3 min, followed by 
40 cycles of 95°C for 10 s, 55°C for 60 s settings were used. A fluorescence reading 
determined the extension of amplification at the end of each cycle. Quantitative mRNA 
measurements were performed in triplicate and normalized to an internal control of 
ribosomal protein 49 (RP49) mRNA. 
In vitro dsRNA synthesis 
 Primers containing T7 polymerase promoter (TAATACGACTCACTATAGGG) 
at the 5'-end of both the forward primer and reverse primer were used to amplify the 300-
600 bp regions of target genes (Table 5.2). The PCR products were used as templates for 
dsRNA synthesis using the Ambion MEGAscript transcription kit (Ambion, Austin, TX). 
Double-stranded RNA was purified using a phenol/chloroform extraction followed by 
ethanol precipitation and dissolved in nuclease-free water. The quality of dsRNAs was 
checked by running them on agarose gels. The concentration was measured using 
NanoDrop1000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA). 
Bean leaf disc assay 
 The feeding chamber and dsRNA-permeated leaf disc method were as described 
in a previous study114 with some modifications to the shape of the chamber and quantity 
of dsRNA used.  The 200 μl of dsRNA (300 ng/μl concentration) was placed underneath 
the leaf on the first day, followed by adding 50 μl of dsRNA on each day up to 9 days. 
Since the amount dsRNA nearly reached a peak level within the leaf disc by after 24 hr 
after application114, first instar mites were placed on the leaf disc at 24 hr after the 
application. Twenty to thirty larvae were placed on the dsRNA-permeated leaf disc. 
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These chambers were maintained at 23 ± 1˚C, 55 ± 5% relative humidity (RH) at 16:8 
(L:D) photoperiod. The green fluorescent protein (GFP) dsRNA was used as a control. 
When the mites reached adulthood (8 to 9 days later), the remaining mites on each leaf 
disc were counted. To determine knockdown efficiency, qRT-PCR was performed using 
the gene-specific primers (Table 5.2).  
Transgenic plant production and assay 
 The transgenic tobacco plants expressing dsRNA targeting TuMet were produced 
following methods described previously129. Tobacco strain (Nicotiana tabacum L. cv. 
Samsun NN) was used in these experiments. Tobacco plant transformation was done as 
described by Dipak et al. 2014129 Tobacco leaf, cut into to 4x4 cm squares, were placed 
above the wet cotton in the petri dish. Twenty to thirty larvae were placed on the tobacco 
leaf, and mortality was checked after 7 to 8 days. Each experiment was repeated three 
times. 
Statistical analysis  
Experimental data were analyzed by Student's t-test to compare the difference 
between the control group and treatment group.  
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Figure 5. 1 Schematic drawing of the floating bean leaf disc assay. In vitro transcribed 
dsRNAs were delivered to TSSM through bean leaf disc. The 200 μl of dsRNA 
(300 ng/μl concentration) were placed on the first day, followed by adding 50 μl 
of dsRNA on each day up to 9 days. 
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Figure 5. 2 The mortality in TSSM caused by feeding dsRNA targeting genes coding 
for proteins involved in JH and ecdysone biosynthesis and action. The dsRNA 
targeting eight candidate genes coding for genes involved in JH biosynthesis and 
action and ecdysteroid action were fed to TSSM. The mortality of TSSM was 
recorded on the 9th day after application of dsRNA. dsGFP and water were used 
as a control. An asterisk denotes a significant (P < 0.05) difference from the 
dsGFP control (student t-test) 
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Figure 5. 3 dsMet caused knockdown of Met gene expression and mortality of TSSM.  
The leaf disc assay with dsGFP and dsMet were set up. Before TSSM gets into 
the last molting stage at day 7, TSSM from the bean leaf disc were collected for 
RNA extraction. The RNA isolated from dsGFP and dsMet fed TSSM was 
isolated and used in qRT-PCR to determine the relative expression of Met. The 
error bars show Mean±SEM (n=3). The leaf disc assay was performed to check 
the effect of feeding dsMet to TSSM. The picture was taken at day 9; the majority 
died in the last molt stage after feeding Met dsRNA. An asterisk denotes a 
significant (P < 0.05) difference from the control dsGFP-fed sample (student t-
test) 
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Figure 5. 4 Verification of TuMet expressing transgenic tobacco plants. (A) Total 
RNA isolated from Met transgenic plants and control plants expressing the only 
vector were used in qRT-PCR to determine TuMet RNA levels. The error bars 
show Mean±SEM (n=3). (B) Tobacco leaf, cut into to 4x4 cm squares, were 
placed above the wet cotton in the petri dish. were placed on the tobacco leaf, and 
mortality was checked after seven to eight days. Twenty to thirty TSSM larvae are 
placed on the control plants and dsMet expressing transgenic tobacco plants. The 
error bars show Mean±SD (n=3). An asterisk denotes a significant (P < 0.05) 
difference from the control empty vector sample (student t-test) 
 
A                                                  B 
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Table 5.1. Target gene ID and functional annotation  
Target name Gene ID Functional annotation 
TuMet tetur18g03530 Germ cell-expressed bHLH-PAS  
(methoprene-tolerant) homologue 
TuEcR tetur01g15140 Ecdysone Receptor 
TuRXR1 tetur31g01930 Retinoid X Receptor 1 
TuRXR2 tetur01g09240 Retinoid X Receptor 2 
TuRXR β tetur01g09220 Retinoid X Receptor β 
TuSRC tetur41g00280 Nuclear Receptor Coactivator 
TuCBP tuter07g03920 CREB-binding protein 
TuFaMet tuter13g03250 FA/JHA O-methyltransferase 
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Table 5.2. Sequences of the forward and reverse primer of the primer pairs used in this study  
Primer name Sequences (5'~3') Amplicon 
length (bp)  
GFP_dsRNA_F CGATGCCACCTACGGCAA 248 
GFP_dsRNA_R TGAAGTTCGAGGGCGACA  
TuEcR_dsRNA_F  AGCTCCAAGACAGCAAGAAG 486 
TuEcR_dsRNA_R GTCTCTGAGGGAGACTCATGTA  
TuMet_dsRNA_F AAGCATCCACCTCGGACATCTCTT 306 
TuMet_dsRNA_R ATTGCGACTCTGGTGTCAGGGAAT  
TuRXR1_dsRNA_F  TGTCGGGAAGAACGAGATTG 340 
TuRXR1_dsRNA_R CGGGTAACTCGGTGAAATGA  
TuRXR2_dsRNA_F GAGGAGCGACAACGGAATAA 373 
TuRXR2_dsRNA_R CGGCTTGATGTGCTGAATTAC  
TuRXR β 
_dsRNA_F 
TCCGTTTACCGATGCAAGAA 381 
TuRXR β 
_dsRNA_R 
GTGGAACGACTCAAGGGTTAT  
TuSRC_dsRNA_F CGTGACATGCCGAAGAAGATA 355 
TuSRC_dsRNA_R TACCAAGGGCAGACATAGGA  
TuCBP_dsRNA_F ACCCAGTCACCCAATGTATC 334 
TuCBP_dsRNA_R AAGATGGTGGTGGAGTGTATC  
TuFaMet_dsRNA_F GGATTGATGCTGAAGGAGGT 329 
TuFaMet_dsRNA_R ATGAGATCCTTGATGGAAGGTG  
rp49_qRT_F CTTCAAGCGGCATCAGAGC 105 
rp49_qRT_R CGCATCTGACCCTTGAACTTC  
TuMet_qRT_F GGTGCGCTCCGATGAAATCAATGT 89 
TuMet_qRT_R AGCCTAAGCTAGCGAACGCAGAAT  
TuMet_Trans_F AGCAAGCTT ATGGCCACTGAGGAAA
CAATGG 
 
TuMet_Trans_R TCGACTCGAGTTATTGTTTGAGATCTA
GTTCGGGT 
 
 
• dsRNA sequence contains T7 promoter sequence at 5' end : 
TAATACGACTCACTATAGGG.  
• rp49 as a reference gene  
 
 
 
 
 
 
Table 5.3. Effect of JHA on the survival and development of TSSM  
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Juvenoids Conc. Solvent % Mortality 
Kinoprene 1% Acetone 88.5 ± 11.5* 
 Control Acetone 3.3 ± 1.7 
 1% Cyclohexane 64.3 ± 9.0* 
 Control Cyclohexane 12.6 ± 4.9 
Hydroprene 1% Cyclohexane 12.6 ± 3.0 
 Control Cyclohexane 12.6 ± 4.9 
- No data provided 
* An asterisk denotes a significant (P < 0.01) difference from the control 
reference gene (student t-test) 
a denotes a sum of males and females 
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Chapter 6. Conclusions and future directions  
 
Practical RNAi-based pest control methods will be used in the field within 1~2 
years. However, we still have limited information on how RNAi works in insects and its 
potential resistance mechanisms. Here, my research is focused on understanding the 
mechanisms of RNAi in insects amenable and recalcitrant to RNAi, and possible RNAi 
resistance mechanisms.   
The RNAi of RNAi screening assay in a Colorado potato beetle cell line was used 
as a model to gain an understanding of the RNAi pathway. There are some significant 
findings from this assay. The results showed the presence of sid1 like protein (silA and 
silC) and involvement of these genes in the RNAi pathway. Moreover, the importance of 
acidification of endosomes in dsRNA transport was reexamined by knocking down the 
V-ATPase gene (Vha16) and the pharmacological inhibitors. These data showed that 
endocytosis of dsRNA utilizes the clathrin-mediated pathway. The involvement of 
Argonaute2s in siRNA pathway is known, but it was unknown that other Argonaute 
family genes such as Argonaute1 and Aubergine function in siRNA pathway. This RNAi 
of RNAi methodology and results take another step into revealing the function of those 
genes involved in RNAi more than in silico interpretation47. Since this is an in vitro 
screening assay, there is a lot of potential to develop the idea from the result depending 
on interest such as investing the roles of Argonaute1 and Aubergine in siRNA or impact 
of those effective genes in vivo. There are some unsolved questions regarding on RNAi 
pathway. First, according to the previous work, dsRNA seems to take clathrin-mediated 
endocytosis route to enter cells33,68. However, it is not clear whether dsRNA binding 
protein/receptor exists. Second, the presence of sid1-like proteins and their involvement 
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in RNAi response is revealed. Yet, the specific function of sid1-like proteins in insects is 
unidentified. Last, systemic RNAi could be mediated by sid1-like protein if the sid1 
protein is present and functions like C.elegans sid1 protein. Since function of sid1-like 
proteins in insects is not knownr, it is possible that there might be other systemic RNAi 
pathways such as exosome-derived dsRNA transport or transport through gap junction.     
With a modification in the screening assay, I found the StaufenC gene that plays a 
critical role in RNAi other than those in Argonaute families and the V-ATPase gene. 
StaufenC gene has dsRNA binding domains and the experiments showed its function in 
dsRNA binding. The most interesting finding is that StauC homologs are present only in 
coleopteran insects and are not detected in genomes of non-coleopteran insects or other 
organisms. Then, I confirmed its in vivo function and the conserved role in another 
coleopteran insect, Tribolium castanuem. These results suggest that the correlation 
between the presence of StauC gene only in coleopteran insects and the robust and 
efficient RNAi activity in these insects. StauC gene was also identified while 
investigating RNAi resistance mechanisms. StauC was the only gene significantly 
downregulated among those RNAi-related genes, and the transcriptome data also 
indicated the downregulation of StauC expression in a resistant cell line. Studies on these 
cells showed no change in dsRNA target-site or its uptake of dsRNA. Overall, this study 
showed that StauC plays a critical role in RNAi, especially for processing of dsRNA to 
siRNA, and involved in the resistant mechanism. StauC can be a double-edged sword in 
RNAi: an effector for coleopteran RNAi and a core resistance factor. As a further study, 
we need to investigate its precise function such as the interaction between StauC and 
Dicer2. Furthermore, as a gain of function study across the order, we can try to make 
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non-coleopteran insects more sensitive to RNAi. For example, Drosophila could be a 
good insect model if we can make a transgenic fly that expresses StauC protein and then 
test if feeding dsRNA works well in these flies. Therefore, if we can induce the 
knockdown of the target gene by feeding dsRNA in StauC expressing transgenic flies, it 
provides a proof that StauC can improve RNAi efficiency in non-coleopteran insects. 
Moreover, if we can identify the genes/chemicals that induce the transcription of StauC 
gene, we can control StauC expression at the transcription level which may help in 
managing resistance and enhancing RNAi efficiency in coleopteran insects.  
Overall, I identified factors responsible for successful RNAi in Colorado potato 
beetle (Table 6.1.). There are two major parts that allow us to control CPB by RNAi 
technology. So far, RNAi-based insecticides are designed to control Chrysomelidae 
which is a chewing insect family. The advantage is that controlling leaf chewing insects 
is less difficult than controlling sucking or piercing insects due to their feeding behaviors. 
Moreover, advantages of controlling CPB are that all stages feed (on) the leaf and the 
postembryonic stages, especially larva and adults, feed on the same host. These are the 
huge advantages for practical control that give us variable controlling approaches from 
sprayable dsRNA to expression in transgenic plants. Western corn rootworms belong to 
Chrysomelidae but due to their life cycle, transgenic plants are the best way to control 
them. Those coleopterans with underground or under-the-bark habitats during the larval 
stages, we might face limitations to control those insects including Japanese beetle, 
Emerald ash borer, Asian longhorn beetle. In case of the mosquitoes, unless we control 
them during the larval stage, there might be a little chance to control adult mosquitoes 
which feed on humans and mammals. Once we consider internal factors, CPB may have a 
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lower concentration of dsRNases suggesting that more dsRNA would be delivered and 
persists longer75. Moreover, less accumulation of dsRNA inside the CPB cells when 
compared to lepidopteran cells was reported130. The specific function of sid1-like proteins 
(silA and silC) in CPB has not been revealed clearly, but according to our RNAi of RNAi 
assay, they are somewhat involved in RNAi pathway131. Duplication of functional Ago2 
and Dicer2  and involvement of Ago1 and Aub in siRNA pathway may contribute to 
RNAi efficiency131. Finally, we found that coleopteran specific Staufen gene (StauC) 
which play a critical role in RNAi pathway could be the major factor for enhancer and 
synergist for efficient RNAi in CPB.  
My research is focused on investigating the subcellular localization of 
accumulated dsRNA in lepidopteran cells. Even though dsRNase induces the degradation 
of dsRNA in the midgut and hemolymph, some dsRNA can enter the cells, but they are 
not processed into siRNA because they are entrapped in the endosomes. Based on results 
from previous studies 31 and the current studies62, I conclude that degradation by dsRNase 
and accumulation of dsRNA in endosomes are the major causes of inefficient RNAi in 
lepidopteran insects. Some previous studies were conducted to overcome the 
accumulation and increase the stability against degradation by dsRNases by chitosan97, 
carbon quantum dot98, and a cationic core-shell fluorescent nanoparticle (FNP)99. 
Transfection reagents such as Lipofectamine 2000 and Cellfectin could be used to protect 
dsRNA from the degradation and bypass the typical endocytosis pathway. Since Sf9 cell 
line was derived from ovarian cells, it could be different from what is happening in the 
midgut. Therefore, repeating the dsRNA tracking experiment with Sf9 cell line derived 
from the midgut may give more precise information.     
 139 
For the final objective, identification of hormone-related genes was conducted to 
twospotted spider mites and the leaf disc feeding assays revealed that knockdown in the 
expression genes coding for proteins involved in the biosynthesis and action of juvenile 
hormone (JH) and action of ecdysteroids [Methoprene-tolerant (Met), retinoid X receptor 
β, farnesoic acid O-methyltransferase, and CREB-binding protein] caused 35-56% 
mortality. Moreover, the mites feeding on transgenic tobacco plants expressing hairpin 
dsRNA targeting Met gene showed 48% mortality. These studies not only broaden our 
knowledge on understanding hormone action in twospotted spider mites but also provide 
the glimpse of targeting genes involved in JH biosynthesis and action to control TSSM. 
As a further study, transgenic plants expressing dsRNA would be the most proper way to 
introduce dsRNA due to their behavior and the RNAi efficiency. Moreover, other than 
Met gene, retinoid X receptor β, farnesoic acid O-methyltransferase, and CREB-binding 
protein could be the good potential genes to be used as RNAi-mediated pest control 
against spider mites.  
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Table 6.1. External and internal factors for successful RNAi in Colorado potato beetle  
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the Colorado potato beetle, Leptinotarsa decemlineata (Coleoptera: 
Chrysomelidae). Scientific Reports 2018 Jan31;8(1):1931 
 
• June-Sun Yoon, Dhandapani Gurusamy, and Subba Reddy Palli Accumulation 
of dsRNA in endosomes contributes to inefficient RNA interference in the fall 
armyworm, Spodoptera frugiperda. Insect Biochemistry and Molecular 
Biology 90 (2017) 53-60 
 
 
•     June-Sun Yoon, Jayendra Nath Shukla, Zhong Jun Gong, Kanakachari 
Mogilicherla, Subba Reddy Palli, RNA interference in the Colorado potato 
beetle, Leptinotarsa decemlineata: Identification of key contributors. Insect 
Biochemistry and Molecular Biology 78 (2016) 78-88 
 
• June-Sun Yoon *, Soon-Il Kim *, Sung-Hwa Lee, Young-Joon Ahn, Hyung 
Wook Kwon. 2012. Toxicity and synergic repellency of plant essential oil 
mixtures with vanillin against Aedes aegypti (Diptera: Culicidae). Journal of 
Medical Entomology 2012 Jul;49(4):876-85.) 
 
•   Soon-Il Kim, June-Sun Yoon, Je Won Jung, Ki-Bae Hong, Young-Joon Ahn, 
and Hyung wook Kwon. 2010. Toxicity and repellency of origanum essential oil 
and its components against Tribolium castaneum (Coleoptera: Tenebrionidae) 
adults. Journal of Asia-Pacific Entomology. 13(4): 369-373.  
 
ORAL PRESENTATIONS (At national and international conferences) 
 
• Accumulation of dsRNA in endosomes contributes to inefficient RNA 
interference in the fall armyworm, Spodoptera frugiperda. The 
Entomological Society of America (ESA), Denver, Colorado, USA. 
November 09, 2017 
 
• Mechanism of RNA Interference II, Center for Arthropod Management 
Technologies (CAMTech), Lexington, Kentucky, USA. May 22, 2017 
 
• Identification of key players in RNA interference, International Congress of 
Entomology (ICE), Orlando, Florida, USA. September 29, 2016 
 
• Mechanism of RNA Interference II, Center for Arthropod Management 
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Technologies (CAMTech), Atlanta, Georgia, USA. May 18, 2016 
 
• Feeding RNAi in the Twospotted Spider Mite, Tetranychus urticae, The 
Entomological Society of America (ESA), Minneapolis, Minnesota, USA. 
November 17, 2015 
 
• The twospotted spider mites control tactics: from RNAi to Juveniods, Ohio 
Velley Entomolgoical Association (OVEA), Lexington, Kentucky, USA. 
October 23, 2015 
 
 
• RNAi in Tetranychus urticae: Functional characterization of Met, EcR and 
RXR, 6th spider mite genome meeting at Ibiza island, Spain. October 6, 
2014  . 
 
LEADERSHIP 
 
2012-2014      Korean Bioscientists Association at University of Kentucky (KBAUK) in 
KSEA-KY Chapter; President  
 
2017-2018   Korean Young Entomologists (KYE) in ESA & ICE, Organizer  
PROFESSIONAL TRANINGLEADERSHIP 
 
2017 Insect Genetic Technologies Research Coordination Network Technical 
Course, August 24-29, 2017, Rockville, MD – Week-long intensive course on 
transgenic and genome editing technologies in both model and non-model 
insects 
 
PROFESSIONAL AFFILIATIONS 
 
•    Entomological Society of America 
•    Ohio Valley Entomological Association 
•  International Congress of Entomology 
 
PROFESSIONAL SERVICE 
 
2015-present  Reviewer: Insect Biochemistry and Molecular Biology, PLoS One, 
Scientific Report, Insect Genetic Technologies Research Coordination 
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Network   
 2012-present  Undergraduate Research Mentor  
2012-present   Education and Outreach (Fayette County Public School District 
Science Fair Judge, Small Word Saturday: Explorium of Lexington, 
KY, Night walk event at the UK Arboretum, Cub Scouts: Bug Zoo, 
Spindle top: Insect Booth, etc)  
